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REGENERATIVE BRAKING OF ELECTRIC VEHICLES 

-t 

BY R. E. HELLMUND 


Abstract of Paper 

This paper discusses the problems met in applying regenerative 
control to electric railways. In the introductory section the 
purposes, advantages, requirements and disadvantages of regen¬ 
erative control are pointed out, and then the author takes up the 
description of various systems. In doing this, special attention 
is paid to those systems which are well adapted to illustrate 
some fundamental principle, and to those which are of some 
practical importance. Other systems are, on account of space 
limitations, mentioned only briefly, or entirely omitted. 

The three-phase system is discussed under the following heads: 
regeneration near synchronous and above synchronous speeds; 
line regulation; practical results and safety of operation; influ¬ 
ence upon power factor; regeneration at speeds below synchron¬ 
ism. 

The phase converter system is next taken up, with a considera¬ 
tion of the requirements of such a system, and practical results 
attained. 

Direct-current systems of regenerative control and their 
problems are exhaustively discussed, under the following heads: 
series, shunt, and separately excited generator; classification and 
description of separately excited .systems with generators operat¬ 
ed by line voltage; inherently constant excitation; excitation 
varying with the line voltage; excitation varying with the regen¬ 
erated current; series-parallel control; capacity of exciter and 
switches; systems with variable armature voltage; miscellaneous 
direct-current systems; transmission system and substations. 

The next division of the paper deals with alternating-current 
commutator motor systems, including those with separately 
excited generators, armature self-excited generators, excitation 
varying with the regenerated current, and stator self (load)- 
excited generators, and the subject of commutation is discussed. 

The possibilities of regenerative control with a vapor converter 
system are then analyzed, and the paper ends with a statement of 
the general conclusions reached. 


T^HE fact that a motor driving an electric vehicle may, under 
certain conditions, be converted into a generator and that it 
will as such exert a braking effect upon the vehicle instead of 
propelling it, was known very soon after the electric propulsion 
of vehicles was introduced. 

This braking effect may be utilized under two conditions: 
first, when the vehicle is going down hill, for the purpose of 
avoiding undesirable acceleration, due to gravity, and conse- 
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quent high speeds; second, after a vehicle has reached a certain 
speed and it is desirable to reduce this speed to a lower speed 
or to standstill. 

The electric energy generated while braking the vehicle in 
this manner may be disposed of in two ways: first, it may 
be used up in resistances mounted on the vehicle, in which case 
it is customary to speak of dynamic braking; second, it may be 
returned to the power supply system, in which case it is cus¬ 
tomary to speak of regenerative braking. A combination of 
the two cases is,^ of course, possible and may be found advan¬ 
tageous in certain applications. Since in any of these cases 
dynamic braking takes place, it would be better to use the terms: 

1. Resistance braking. 

2. Regenerative braking. 

3. Combined resistance and regenerative braking. 

This paper deals with regenerative braking in particular. 

Common to all three cases of electrodynamic braking, are 
the following advantages over purely mechanical braking: 

1. Reduced wear of mechanical braking devices, which, in 
the case of electric railways, usually results in reduced main¬ 
tenance cost for wheels and brake shoes. 

2. Greater ease and safety in handling the vehicle during 
the braking period under certain conditions, which results 
especially in handling heavy freight trains, in reduced main¬ 
tenance of couplings and other parts of the cars. 

_ 3. Higher pemissible average speed in descending grades 
m certain applications. The braking effect with air brakes 
cannot be kept constant, so that speed variations will result 
when going down grade. Due to these variations, the average 
speed IS appreciably^ below the maximum safe speed. With 
electrodynamic braking without the assistance of air brakes 
much closer speed control is possible, so that the average speed 
can be held much closer to the maximum permissible speed 
_ 4. Increased safety by elimination or at least reduction of 
tne heating caused by brake shoe friction and resulting in 
loose tires and accidents. 

braking has the further marked advantages 

5. Power economy which amounts in many cases to a saving 
01 15 per cent or more in the total power consumption 

6. In connection with subways where generation of heat in 
the tunnels is very objectionable, regeneration is very advan- 
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tageous, as it permits the elimination of an appreciable part 
of the heat now generated by the mechanical braking system. 

It may safely be stated that wherever it seems worth while, 
the above advantages may be secured in the present state of 
the art, both on running down grades and during retardation, 
with any of the systems or types of motors which are now used 
for the operation of electric vehicles, although commercial sys¬ 
tems have been developed, up to the present, for only a few 
cases. 

The requirements necessary to accomplish these results are 
as follows, and are either partly or in their entirety, dependent 
upon the system, service conditions, etc. 

1. Increased current capacity of the main motors and such 
transforming or converting apparatus as may be located on the 
vehicle for the purpose of converting power for the main motors. 
This is evident because the braking current flowing in the 
motor, etc., naturally raises the r. m. s, or heating currents. 
This increase may be appreciable when regeneration is used 
for stopping trains in local passenger traffic, while it may be 
rather small in the case of freight locomotives descending 
grades. 

Increased current capacity necessitates, in turn, either in¬ 
creased dimensions of all apparatus affected thereby, or increased 
ventilation, which may at times be attained by increased capac¬ 
ity of existing ventilating equipments, or .by introducing 
additional ventilating equipment. Where the motors are not 
loaded to their full capacity for propelling purposes, these 
requirements may, of course, not exist. 

2. Adaptation of the motor bearings and other mechanical 
parts to regenerative operation, where necessary. 

3. Additional equipment on the vehicle for the purpose of 
controlling and safeguarding the regenerative operation and to 
give, where necessary, the desirable regenerating characteristic 
to the motors. 

4.. Additional equipment in the generating or transforming 
stations for the purpose of controlling the operation in con¬ 
nection with special conditions brought about by regenerative 
braking. 

5. Adjustment of the system wherever necessary due to the 
increased tendency towards voltage variation introduced by 
regenerative braking. 

6. Modification of train dispatching so as always to have 
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a load on the line utilizing the regenerated current, in cases 
where maximum economy in power consumption is of prime 
importance. 

The fulfilment of these requirements as far as they exist in 
the various systems introduces the following disadvantages of 
some importance, which have to he compared with the advantages 
previously enumerated: 

^ 1. Increased weight of vehicle equipment, necessitating, some¬ 
times, increased weight of the mechanical vehicle parts. 

2. Increased first cost of vehicle equipment, necessitating, 
sometimes, increased first cost of the vehicle parts. 

3. Increased cost of maintenance of the vehicle equipment. 

4. Increased complication, and consequent reduced reliability 
of operation, of the equipment. This will under certain condi¬ 
tions, of course, also impair the safety with which the vehicle 
may be operated. 

5. Increased complication and consequent reduced reliability 
of the power house, substations and line protecting apparatus. 
(While some additional complication may be required in the 
generating and transmitting system, due to the addition of cer¬ 
tain controlling apparatus, the weight and cost of the same is 
usually so low that it is of no practical importance and usually 
more than outweighed by the gains made in the reduction in 
size of apparatus made possible by the reduced power require¬ 
ments). 

6. Increased first cost for copper in the transmission system, 

or for introduction of other means, to compensate, where neces¬ 
sary , for the increased tendency towards voltage variation, 
whensoever such tendency exists. ^ 

The relative importance of the various advantages and dis- 
advantages given above depends, of course, to a large extent 
upon the individual system applied and upon service conditions. 

It is evident, for instance, that the importance of power economy 
depends largely upon the cost of power as part of the total 
operating expense, and that the advantage of power economy 
may be entirely eliminated where water power is available in 
abundance. The latter condition is, of course, as a rule only 
temporary, because it is to be expected in practically all cases 
that any such abundance will in time be eliminated by an in- 
creased market for electric power. 

^ While the disadvantages, and their importance, vary also 
in each case, a number of facts apply pretty generally to all 
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systems, and under most service conditions. It is a fact, for 
instance, that most of *the disadvantages enumerated are not 
of very great practical importance in most cases where condi¬ 
tions are such that the saving in power consumption, made pos¬ 
sible by regeneration, is appreciable, say 10 to 15 per cent, 
or more, or where an equivalent saving or gain is brought about 
in the maintenance of brake shoes, wheels, increased operating 
speeds, or the like. 

The increased weight of the vehicle equipment and of the 
vehicle is usually disadvantageous only in so far'as it tends to 
increase the power consumption during acceleration and running. 
In all but exceptional cases, this increase in power consumption 
is, however, smaller than the saving made possible by regenera¬ 
tive control, and in many cases it amounts to only a very small 
percentage of the same. Therefore, the increased weight does 
not really mean a disadvantage, but merely reduces the advan¬ 
tage of regenerative braking by a certain, and often very small, 
amount. There are, of course, cases of locomotives where the 
maximum permissible weight on the drivers is the limiting 
feature of the design, and any increase of weight may be quite 
a handicap in such cases. 

Similar conditions apply to the increased first cost of the vehicle 
equipment and the interest and depreciation charges connected 
therewith. The latter represent again in many cases only a 
very small percentage of the saving made possible by regenera¬ 
tive control. 

In some cases of old equipment where the main motors can¬ 
not be readily increased in capacity to take care of the regenera¬ 
tion, or where the mechanical parts, like the bearings, do not 
operate properly with regeneration, also where extensive changes 
in the generating and transmission system are necessary, the 
first cost for introducing regeneration may, of course, make the 
change prohibitive. 

The increased cost of maintenance is in connection with many 
of the systems not very large, and of no practical importance, 
as it represents a very small percentage of the saving in power 
consumption brought about with regenerative control. 

The additional complication in the power house or transmis¬ 
sion system is also rather small and usually consists, where at 
all necessary, only in some automatic means for dissipating 
whatever small amount of energy may at times be regenerated 
in excess of the energy required for propelling the other vehicles 
and other loads on the system. 
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The disadvantages resulting from the increased tendency 
towards voltage variation which may be introduced by regenera¬ 
tion depends largely upon the individual case. In a system where 
a large number of individual vehicles is operated at all times, 
as in surface lines, elevated and subway lines in the center of 
large cities, there will practically always be a large demand for 
the regenerative current by other vehicles and the result will 
be not only that the average power taken from the power house 
is reduced, but also that the maximum demand, and with it, 
the maximum voltage drop is reduced. In such cases there is, 
of course, no disadvantage on this score. 

On the other hand, there are certain systems where so few 
trains or vehicles are on the line that it may happen that, at 
the time of maximum demand for propelling, none of the vehicles 
is regenerating and that, consequently, no reduction of the max¬ 
imum power demand, and therefore, no reduction of maximum 
drop, is accomplished. At other times it may happen that on 
a certain line one or more vehicles are heavily regenerating 
while no power, or only a small amount of power, is being 
drawn from the line. In such a case the voltage drop will, 
of course, be negative. In other words, there is a voltage rise 
over the no-load voltage, bringing about an increased total 
voltage variation. 

In many cases such an increase in voltage variation is of no 
practical importance. In other cases, where the car lighting 
system is dependent upon the line voltage, or where the main 
motors, auxiliary motors or generating apparatus are sensi¬ 
tive to voltage rises, the increased voltage variation may require 
some compensating means. In cases where the car lighting 
system is affected, it may be found desirable to make it inde¬ 
pendent of the line voltage by installing special car lighting 
apparatus. Usually, however, it will be found best to compensate 
for the increased tendency towards voltage variation by a 
slight increase in line copper, etc. In certain exceptional cases 
this might prove to be an item of no small'importance against 
the introduction of regenerative control, on account of first 
cost. Since the increased line capacity tends, however, to im¬ 
prove the efficiency of the system, the first cost may, even in 
such cases, be largely compensated by reduced losses in the line 
The cases in which the considerations of line regulation are of 
very great importance are rather rare; and in most cases of 
the present large properties which, as a matter of course, are 
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the first ones to consider regenerative control, this disadvantage 
either will not exist or will be of comparatively little importance. 

In view of the above, and in view of the fact that great efforts 
have been made to reduce power consumption by other means, 
like reduction of equipment and car weight, field control, coast¬ 
ing clocks, etc., it is rather surprising that regenerative control 
has not been used to a greater extent in the past. The only 
reason for this could be that the increased complication and 
consequent reduced reliability were considered as a sufficient 
disadvantage to outweigh the advantages. As long as the var¬ 
ious types of controlling and protecting apparatus, as well as 
the operating characteristics of certain motors during regenera¬ 
tion, had not been developed to such a high degree of reliability 
as has been attained in many of the up-to-date apparatus and 
systems, this was undoubtedly a very sound and sufficient 
reason. With the present advanced state and knowledge of the 
art, however, this condition has changed, and although some 
difficulties have to be overcome with the various systems, there 
is no doubt but that the requirements for reliability and safety 
can be successfully met, in spite of some additional complication 
necessary, to a larger or smaller degree, in the various cases. 
For this reason the subject of regeneration is well worth serious 
consideration, and the brief outline of the various possible 
systems given in this paper may be of interest. As a matter of 
course, the development along these lines will, in the future, 
as in the past, follow the path of least resistance and the systems 
requiring the least complication and interfering the least with 
the reliability of equipment for propelling purposes will be intro¬ 
duced first. 

In describing the various systems of regenerative braking, 
special attention has been paid to those which are adapted for 
demonstrating some fundamental principle, or to those which 
are especially important and promising with regard to practical 
application; many other systems are by necessity mentioned 
very briefly, or entirely omitted. 

Three-Phase System 

It is a well-known fact that any induction motor if driven 
by mechanical torque above synchronous speed will be converted 
into a generator without any change in connections and without 
requiring any manipulation of the master controller. In other 
words, a vehicle of a three-phase system when going down- 
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hill will automatically give regeneration as long as the motors 
are connected to the line, whether such a condition is desired 
or not—assuming, of course, that the grade is steep enough to 
accelerate the train and that the accelerating tractive effort is 
not used up by the mechanical brakes or other losses. The usual 
practise is to start the vehicle in the normal way and leave the 
power on, when going down grade; but even if the power has 
been disconnected and regeneration is desired, power connections 
can be re-established in the same manner as when the motors 
are starting, because the introduction and gradual elimination 
of the rotor rheostat will avoid excessive overloads over wide 
ranges of speed conditions. Regeneration in this case, therefore, 
does not introduce any complication whatsoever on the vehicle. 
and in order to obtain satisfactory results, it is only necessary 
to equip the vehicle with motors and transformer, if the . latter 
be used, of sufficient capacity to take care of the regenerative 
currents. Wherever there is danger of the regenerative power 
at times exceeding the power demand, resistance, preferably 
of the water-resistance type, has to be provided in the power 
house, with some automatic means to connect it in the circuit 
whenever a surplus of power is to be taken care of. All alter¬ 
nating-current transmitting, transforming or converting appa¬ 
ratus will act as well under regenerative conditions as otherwise. 
Only in case of rotating converting apparatus being used in 
the system, possibly in the form of frequency changers, a certain 
amount of danger is introduced by the possibility of such appara¬ 
tus over-speeding when the main power supply is interrupted 
for some reason or other, and a train going down-hill furnishes 
power to the converting apparatus. In such a case, the train 
may, of course, accelerate and increase with its own speed the 
speed of the converter. This condition can, however, be very 
easily taken care of by over-speed relays on the converter, the 
same as is now being done for similar reasons in connection with 
synchronous converters and the like. 

The proper balance of the regenerative load between the dif¬ 
ferent motors of a vehicle in case of slight variation in wheel 
diameter can be taken care of by the means provided for the 
same purpose during motoring. 

Some additional slight complications may be introduced 
whenever in some exceptional cases a locomotive is required as 
part of its regular service to take a train down-hill with tractive 
effort in excess of that given by the slipping point of the wheels 
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of the locomotive. In such cases it is necessary to use air brakes 
in the train and to work them in conjunction with the regen¬ 
eration of the engine. Since it is at present considered very 
difficult or almost impossible to exert a uniform torque with 
the air brakes, the use of the air brakes means, as previously 
mentioned, a necessity for varying the speed of the train about 
5 to 10 mi. per hr. (about 8 to 16 km. per hr.) while descending 
a grade. In order to enable the inherently constant-speed 
induction motor to follow such speed variations, while at the 
same time regenerating, it is necessary to introduce a variable 
resistance into the rotor circuit which in turn permits speed 
variations from synchronous speed to speeds about 5 to 10 mi. 
per hr. higher. The resistance may, in this case, be regulated 
either automatically, which, of course, means some complica¬ 
tion, or manually, which, in turn, would require a certain skill 
on the part of the operator. It is further a fact in this case that 
a part of the regenerated energy when running above synchron¬ 
ous speed cannot be returned to the line, but has to be dissi¬ 
pated in a resistance, the amount of this energy, in per cent of 
the available mechanical energy, being approximately in pro¬ 
portion to the actual speed obtained minus the synchronous 
speed, the difference to be divided by the actual speed. While 
the loss of energy in itself may not be of great importance, 
it is at times a serious problem to get a big enough rheostat for 
successfully dissipating such energy, especially since the neces¬ 
sity for doing so usually arises only in connection with very 
heavy railway work. In order to demonstrate the possibilities 
of regenerative braking with speeds varying above synchronism. 
Fig. 1 is given, showing speed-torque curves of a typical induc¬ 
tion motor with different resistances in the secondary; Fig. 2 
also gives the approximate percentage of regenerated power 
which has to be dissipated and wasted in resistances on the 
vehicle. It will be seen that all curves are in very close agree¬ 
ment with curve which is plotted in accordance with the 
approximate rule given above for the losses. 

The conditions just described also apply, of course, if opera¬ 
tion at speeds above synchronous speed is desirable or necessary 
for any other reason. It may, for instance, be desirable in certain 
cases to take light loads down-hill at over-synchronous speed 
by using resistance in the secondary; the only limitation in 
doing this is the limit imposed by the capacity of the secondary 
rheostat, and the limiting safe speeds from a mechanical point 
of view. 
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The increased tendency towards voltage variations with regen¬ 
eration is of no great practical importance in connection with 
polyphase systems, because all parts of the system can easily 
stand a slight voltage increase for the short interval of time 
during which it usually exists. As previously mentioned, the 
higher voltage increases the torque of the motors, and, therefore, 
does not impair the reliability of service. The high voltage 
may at times unfavorably affect the power factor and the 
losses in the system, but in so far as it only exists at times of 



Fig. 1—Railway Induction Motor Characteristics 
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light load, this is of no great consequence. It is, moreover, to 
be considered in this connection that with the high line voltages 
possible in alternating-current systems, the line regulation may 
be kept fairly good without undue amounts of copper in the 
system. The fact that regeneration with induction motorte does 
not decrease the wattless currents, but rather increases them, 
will, to a large extent, eliminate any tendency towards increased 
voltage variations. 

The great ease and simplicity with which regeneration can 
be obtained under most conditions with polyphase vehicles 
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for the purpose of braking down-hill is undoubtedly the reason 
why such regenerative braking was introduced practically as 
soon as three-phase power was used for railway purposes. The 
results obtained with regenerative braking on the three-phase 
electrifications in Europe for the last 12 to 16 years have been 
exceedingly satisfactory and beneficial, all the advantages of 
reduced wear and tear of mechanical brakes and other parts, 
of economy in power consumption, and increased operating 
speeds on down grades, having been realized to a large extent. 

The degree of safety in operating a vehicle or, especially. 



Fig. 2—Rheostat Losses, 

Curve B — Per cent rheostat loss at 

“ c = “ “ “ “ 

,, jy ^ a » 


Regeneration 

75 % full-load torque. 
150 “ “ “ 

225 “ “ “ 

340 “ “ “ 


heavy trains down-hill with regenerating induction motors with 
short-circuited secondaries is almost perfect, and limited only 
in a few respects. The vehicle speed is kept practically constant 
with very wide ranges of load and an interrruption of the brak¬ 
ing tractive effort takes place only in case the power supply is 
interrupted, or possibly if some of the main driving elements 
of the vehicle are seriously damaged. This is usually at once 
indicated to the engineer by the meters in front of him, and in so 
far as the regeneration has definitely kept the vehicle down to 
safe speeds previous to the loss of power, or the like, it has in 
practise always been found very easy to get the train or the vehicle 
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under the control of the air brakes before unsafe speeds were 
reached. In the case of especially steep grades or other severe 
conditions, it is, of course, quite feasible to provide automatic 
means for putting on the mechanical brakes in case of emergency. 
The maximum braking torques which can be exerted are usually 
limited only by the slipping point of the wheels, since it is as a 
rule easily possible to keep the pull-out torque of the motors a 
safe amount above this point. While in motoring the pull-out 
torque may be reduced by excessive voltage drops, heavy regen¬ 
erative braking will rather tend to bring about a rise in voltage 
with consequent increase in the maximum braking torque, which 
is, even with equal voltage, larger than the motor torque (see 
Fig. 1). Slipping of the wheels, where it is liable to occur, can 
be avoided by introducing automatic current-limiting or torque- 
limiting devices which prevent an increase in braking torque 
. above the slipping point, for instance, by introducing a resist¬ 
ance into the motor secondary, thereby limiting the load. 

There is one point worth mentioning in connection with 
regenerating induction motors, which is often construed to be 
a disadvantage, whereas it actually is not a disadvantage at all, 
but merely reduces the advantage which may be secured from 
regeneration. A system with regenerating induction motors 
is liable to show a very low power factor, due to the fact that 
induction motors while regenerating actual power take wattless 
current from the line, unless power factor compensating means 
are used; in other words, they increase the total wattless cur¬ 
rent and decrease the total watt current, which has, of course, a 
bad influence on the power factor. It should not be forgotten, 
however, in this connection, that the term ‘'power factor’’ is 
very apt to be misleading in a case like this. Even if we assume, 
for instance, that the increase of wattless current as compared 
with the decrease of watt current is such that the total current 
remains unchanged, we have, of course, no saving in r. m. s. 
current drawn from the line, and also, a very much lower power 
factor.^ Nevertheless, we have reduced the actual power con¬ 
sumption, which in turn, means a saving in the coal pile of the 
power house. Moreover, it is a fact that the larger systems usu¬ 
ally have synchronous converters, phase advancers, or other 
means for taking care of the power factor, and a slight increase of 
this apparatus will usually take care of the additional wattless 
current introduced by regeneration. 

While the three-phase system (and its closely related single- 
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phase system with phase converters on the locomotive) is un¬ 
doubtedly the system best adapted for effecting the braking 
near synchronous speeds on down grades for the purpose of 
avoiding increased speeds, the possibilities for reducing the 
speed of a vehicle from its normal operating speed by regenera¬ 
tive braking are either very limited in scope with induction 
motors, or the equipments are, at present, at least, so cumbersome 
or complicated that their application in practise does not seem 
to be very likely in the near future. 

If the vehicle is arranged so that two or more economical 
operating speeds may be obtained either by employing two- 
speed induction motors or by connecting motors in cascade,^ or 
both, it is possible to effect regenerative braking in bringing 
the vehicle speed from the higher speeds down to near the lowest 
synchronous or economical operating speeds. This can be accom¬ 
plished by connecting the motors for one of the lower operating 
speeds and properly manipulating the resistance in the secondary. 
If done manually, this requires a certain amount of skill on the 
part of the operator, and if done automatically it means, of 
course, complication. It has also been observed that under 
certain conditions such operation is liable to cause over-voltages 
in the motor secondary. For these reasons, regenerative braking 
has not been utilized to a very great extent for this purpose. 

Regenerative braking with induction motors over a wide 
range of speeds and down to zero speed may be accomplished 
by applying a so-called regulating commutating machine, work¬ 
ing in conjunction with the secondary of the induction motor. 
Such a machine is, however, with the present known systems, 
so large, and, on account of many commutator brushes, subject 
to such high maintenance cost that its use would, to a large 
extent, counterbalance the additional saving made possible 
by braking at lower speeds. It is, however, not at all impossible 
that as the art advances, developments along this line may 
make regenerative braking below synchronous speed feasible in 
practise. Whenever this is the case, the present speed limitations 
of the induction motor would at the same time be eliminated,- 
or minimized, and acceleration without rheostatic losses, with 
attendant saving in power, would be made possible at the same 
time. 

Phase Converter System 

The conditions prevailing with a phase converter system 
employing a single-phase line, a phase converter locomotive 
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and induction motors for propelling, are, with regard to re¬ 
generative braking, practically the same as with the three-phase 
system. This means that regenerative braking on down grades 
can be accomplished with the same ease and safety and without 
requiring complications of any practical importance, while the 
use of regeneration for retardation is at present either limited 
in scope or complicated. 

The only slight differences between the phase converter sys¬ 
tem and the polyphase system are: 

1; The system employs on the vehicle a rotary converting 
device, which, if of the synchronous type, requires for its pro- 
tection a standard over-speed relay. 

2 The use of regenerative control introduces an increased 
tendency towards unbalancing of the three phases of the conver¬ 
ter system and may require a small extension of the balancing 
devices that is, possibly an extra position of the balancing 
control lever and one or two extra switches. The safety of opera¬ 
tion is however,_in no way impaired by this because, even if 
the balancing switch is not operated correctly, the motors will 

perform properly and the only result will be an increase in motor 
heating. 

3. Since the vehicle, if equipped with a synchronous phase 
converter, going down grade represents in itself an independent 
generator station this must be taken into account when laying 
ou the overload and _ short-circuit protection of the system 
n view of the simplicity of the system, it was only natural that 
regenerative control was utilized as soon as the phase converte 
system was applied in practise; in fact, the ease with which regen- 
SlTfeT combination with a converter system was one 

fnlV^ ^ adoption of this system for the Nor- 

company of the regenerative characteristic in operating this 

^ expectations and has been a sur¬ 

prise to the railway operators. The economies accomplished 
n power consumption reduced wear of tires and brake'shoes, 
etc are very appreciable, and not only can the trains be handled 
^tfaSbrnr Ii^gher average speeds down grade than 

has been vrpatl’ °f the system as a whole 

has been greatly improved by the regenerative feature. 

Direct-Current System 

direct-current railway motor lends itself 
readily to regeneration than the polyphase induction motor. 
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The series motor, which has generally been introduced in rail¬ 
way work on account of its superiority for propelling purposes 
over other types of direct-current motors, cannot as such be 
readily used as a generator under railway conditions. While 
it is true that a series motor can be made to act as a generator, 
if its fields are reversed, it is very unstable. In order to make 
a series motor regenerate, it would first have to be connected 
across a resistance to make it pick up and after its voltage has 
reached a value higher than the line voltage, it could be con¬ 
nected to the line and made to furnish regenerated current. 
Assuming, however, that the line voltage suddenly drops, as is 
common in railway practise, the regenerated current would, of 
course, increase; this, in turn, would increase the field strength, 
which would again tend to increase the regenerated current. 
This cumulative effect would quickly and frequently lead to 
excessive overloads on the entire equipment. Assuming, on 
the other hand, that the line voltage suddenly rises after the 
motor has started to regenerate, this will bring about a decrease 
in regenerated current. This, in turn, decreases the field excita¬ 
tion and produces consequent further decrease in current down 
to zero; further, since the field and counter-voltage would be 
zero with zero current, excessive currents in the opposite 
direction would build up, which are liable to exceed the most 
severe short circuits, because after the current once reverses, 
the motor sets up a field and a voltage adding to that of the line 
The processes just described happen so quickly, on account o 
their accumulative nature, that it is practically impossible to 
build relays or other safeguarding devices which act rapid y 


enough to be effective. _ ^ 4. •+ 

In order to effect regenerative control with direct current 1 
is, therefore, necessary either to apply altogether straight ve ic e 
shunt or compound motors, which would mean giving up many 
of the essential advantages of the direct-current series motors or 
railway purposes, or to convert the series motor temporarily into 
a machine o£ different characteristics while regenerating. 

Since the field coils of a series motor are wound with only a 
few heavy turns, they cannot very readily be connected as shun 
coils across tlie line voltage, and it would be necessary, in ordei 
to obtain shunt excitation, to connect considerable resistance m 
series with the field. This resistance would consume a very 
large part of the regenerated energy, with little or no consequent 
saving in energy. These conditions can be somewhat improved 
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where several motors are available by connecting all motor 
fields in series and the armatures in parallel, but even then, only 
a relatively small part of the regenerated energy remains to be 
sent into the line. Such a system will, therefore, only be applied 
in exceptional cases where power consumption is of relativel}^ 
small importance and the principal purpose is to effect electro¬ 
dynamic braking with the least amount of complication, in 
order to secure advantages other than power economy. 

A system of that kind is quite safe and reliable in operation 
A sudden change in line voltage will tend to change the regener¬ 
ated current, but such a change is counterbalanced by the fact 
that the excitation changes at the same time and causes a change 
^in the counter e. m. f. which reduces the change in regenerated 
current. This process is fairly quick-acting because the time 
element of the field current is rather small on account of the large 
amount of resistance connected in series with inductance of the 
field. Excessive regenerated currents are thereby avoided 
automatically. Only when the motors are highly saturated an 
increase of field strength is, of course, not possible, and larger 
regenerative currents may then occur. In view of the small 
field of practical application for this system, a detail discussion 
of it may be omitted. 

Since generators of the straight series, shunt or compound 
type cannot be readily made out of the standard up-to-date 
railway motor and used to good advantage, motors with separate 
excitation are the next and most promising possibility for suc¬ 
cessful regeneration, although the addition of a separate source 
of current for the excitation introduces an undesirable compli¬ 
cation. 


The various connections, methods of excitation and conse¬ 
quent charactenstics of the generators which are possible in 
connection with separate excitation are very numerous. There¬ 
fore only a few typical cases can be described in this paper. 

efore doing this, some of the more important problems to be 
met in connection with the separate exciter method of regenera¬ 
tion may be discussed. 


First. One of the pnncipal conditions to be met in connection 

wi hdmect-current generation is, as previously intimated, to avoid 

excessive armature currents, especially at higher speeds. While 
with any type of motor excessive overloads are undesirable 
or any length of time, it is a fact that overloads of short duration 
are not so very dangerous in connection with induction motors. 
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for instance, because the mechanical parts of freight locomotives 
on which induction motors are being used are in most cases 
designed to stand stresses up to the slipping point of the wheel 
and the wheel slippage acts as a mechanical fuse against much 
higher stresses; on the other hand, overloads of very short dura¬ 
tion are not very serious from a heating point of view. With 
direct-current motors running as generators, high armature 
currents, even though of very short duration, introduce an addi¬ 
tional difficulty because they are liable to lead to flashing of 
the motors. It is a well-known fact that flashing of motors 
is caused by high voltages between the commutator segments. 
The voltage between segments, in turn, depends upon a great 
many details of design, but the maximum voltage is largely 
determined by the armature distortion. With a series motor, 
in which the field strength and the armature current are always 
proportional to each other, the armature distortion as a inile 
does not increase, under normal conditions of operation, with 
increased load, and has often even a tendency to decrease with 
heavy loads, on account of saturation. With a separately excited 
generator, conditions are altogether different. When running 
at very high speeds with a fixed motor voltage, for instance, 

‘ the field strength must be, by necessity, very low. This is evi¬ 
dent because the voltage induced must be about the same as the 
impressed voltage, and since the induced voltage is the product 
of speed and field strength, high speed means, necessarily, low 
field strength. 

Since, on the other hand, the braking torque which the genera¬ 
tor can exert is proportional to the product of armature current 
and field strength, it is evident that at high speeds and conse¬ 
quent weak field, relatively large armature currents are required 
in order to exert an appreciable braking torque under normal 
operating conditions. This will in itself tend to increase the 
armature field distortion materially. This latter condition is, 
of course, only brought about by the fact that the present-day 
requirements for retardation are more exacting than for motoring. 
During motoring it is customary to have a certain maximum 
rate of acceleration until the motor curve is reached and to toler¬ 
ate thereafter a decreasing rate of acceleration which is naturally 
obtained while the motor field, and with it the armature current, 
decreases and while the speed increases. In certain cases, it 
may be quite possible to follow the reverse process during braking, 
that is, start in with small field current and smaller armature 
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current and consequent slow rate of retardation, and increase 
all the values while the speed decreases. Insofar, however, 
as the mechanical brakes used at present are able to exert the 
maximum permissible braking torque at the higher speeds, 
which, in turn, permits higher schedule speeds with the same 
maximum speeds, regenerative braking will not be able to 
compete unless at least similar conditions can be obtained. 
Therefore, it will be necessary in most cases to work with rela¬ 
tively large armature current, unless provision is made to change 
the motor voltage during regeneration, thereby permitting the 
use of stronger fields at high speeds. This solution of the problem 
could be accomplished in two ways: first, the regenerative 
voltage could be raised above the line voltage by some means 
or other, as will be discussed later on and shown to be rather 
undesirable; second, arrangements could be made to keep the 
voltage during motoring below the line voltage and regenerate at 
full line voltage. This could be accomplished by designing the 
motors to stand full line voltage but to operate, while motoring, 
with two motors connected in series, with one-half the voltage 
in each motor. Under special conditions with special motor 
designs, such a solution may be quite feasible. As a rule, it 
would be more desirable, however, to use standard motors 
even though this means the use of heavy armature currents 
for high speeds, and with it, large field distortion. It is fortunate 
in this connection that this undesirable feature and its conse¬ 
quent danger are to a large extent eliminated by the fact that 
when regenerating, the distortions are such that the highest 
voltages between segments occur at a point a considerable 
distance away from the toe of the brushes, so that an arc is not 
as liable to be drawn over from the brush as would be the case 
if the highest voltages were near the toe of the brush under other¬ 
wise equal conditions. It is, therefore, permissible to work 
with considerably higher maximum voltages and, therefore, 
greater distortion when regenerating. Practical conditions are 
nevertheless such that, in view of the high field distortions 
necessary for normal operation, further increases on account of 
sudden rises of regenerative currents in the armature are very 
liable to lead to flashing. 

There are two principal causes for sudden increases of regenera¬ 
ted current. 

(a) The first of them is the taking of steps in the control. 
If, for instance, the field excitation should be suddenly raised 
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by a large amount, the regenerated currents would take undue 
proportions. This, of course, can be avoided by making the 
control steps small enough by providing a sufficiently large num¬ 
ber of them. In order to avoid the expense and complication 
incident to a large number of steps, it is desirable to have a 
regenerative machine characteristic which avoids large changes 
of regenerative current even though the number of steps is small. 

(b) The second and much more important cause of sudden 
changes in regenerative current is as previously pointed out in 
connection with the discussion of the series generator, sudden 
changes in the line voltage. While it is not altogether impossible 
to prevent sudden increases of load due to this cause by having 
quick acting relays, causing changes in the excitation of the 
generators to take care of the changed- conditions, it is at least 
very difficult with some systems to get such relay devices and 
switching operations quick and reliable enough to avoid flash¬ 
ing. For this reason, it is very desirable, and for a reliable 
system even necessary, to have such regenerative characteristics 
as inherently to avoid excessive armature currents. In this 
connection it is not only necessary to have such an inherent 
characteristic, but it is also important that the time element 
for effecting changes in the generator conditions be exceedingly 
small. 

Second. Another feature to be considered in connection with 
regenerative control is the ease with which the motor can be 
connected to the line after it has been disconnected and when 
regenerative control is desirable. In order to make such connec¬ 
tions with some types of separately excited motors, it is neces¬ 
sary to have the regenerative voltage about equal to the line 
voltage before such connection can be made. As a matter of 
course, it is impossible to follow, in operating a vehicle, the 
power house practise of balancing the voltages by means of a 
voltmeter before connecting the generators to the line. There¬ 
fore, automatic means have to be provided for this purpose. 
Such automatic means, in turn, require relays which have to 
be very exact unless the system used is inherently such as not 
to require a very careful balancing of the voltages before the 
connections are made. This point is quite important in the 
choice of the proper system. 

Third. Another point of importance in connection with re¬ 
generation is that the regenerative load be properly distributed 
among the various motors of the vehicle. It is evident, for 
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instance, that a slight difference in the air gap of the motors 
or a difference in the wheel diameters will cause a very uneven 
distribution of load if the armatures of several motors were 
to be simply connected in parallel. A good system of regenera¬ 
tion, therefore, has to have means of balancing the load fairly 
well between the various motors under practical conditions. 
While such balancing may of course be effected by relays which 
operate regulating switching devices, it is again preferable to 
have a system in which the load balancing effect is, at least 
to some extent, inherently given by the generator characteristics. 

Fourth. Another condition to be fulfilled is that the braking 
effect of the vehicle shall not materially decrease with increased 
vehicle speed, or materially increase with decreased speed, at 
least not so suddenly that the relays of the automatic control, 
or the operator in case of manual control, cannot follow such 
changes quickly enough. Sudden large changes of braking torque 
should also be avoided in case of changes in the line voltage 
conditions. 

Let us assume, for instance, that the speed of a train is to be 
reduced by regeneration, and a certain maximum permissible 
braking torque has been established. Jf it happens in this case 
that the braking torque suddenly increases, either on account 
of changed line conditions or the generator having a character¬ 
istic so that the torque increases while the speed decreases, 
this will lead either to slippage of the wheels jor to an u,ndue 
rate of retardation resulting in bumping of cars, inconvenience 
to passengers, etc., all of which should be avoided. 

Another case to be considered in this connection is that of a 
heavy train going down-hill. Let us assume that such a train 
gets on a steeper grade and consequently speeds up to some 
extent. If in this case the generator characteristics should be 
such as to give a decreased torque with increased speed, the 
tmin speed may increase unduly on account of the combined 
effect of the increased grade and the decreased torque before 
the enpneer has a chance to readjust the control or the air brakes 

nr h ^ 


Unfortunately, the condition that the braking torque should 
preferably decrease with decreased speed, and vice versa, can¬ 
not be combined with a machine characteristic best suited to 
avoid armature distortion and motor flashing. 

The-ideal characteristic for avoiding motor flashing is one 
with which the ratio of armature ampere-turns to the field 
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ampere-turns remains constant with changes in speed. Such 
a characteristic can be approached in practise, as will be shown 
later on, and is represented by curve A in Fig. 3a. It will be 
seen that this curve is shown as a straight vertical line down to 
a certain point. 

The armature current curve corresponding to curve A is 
shown by curve B. It will be seen that the upper part of this 
curve shows a rapidly decreasing armature current with increased 
speed. This is due to the fact that, as previously pointed out, 
the field strength has to decrease with increased speed, which 
in turn means that the field ampere-turns have to be decreased. 
With our present assumption, this means that the armature 
current must also decrease with increased speed. 

Curve C shows the torque obtained under the same conditions. 
Since the torque is the product of fieM strength and armature 
current, both of which decrease with the speed in the present 
case, it is evident that this curve must decrease very rapidly 
with increased speed, except on the part of it which is turned 
around by the effect of saturation. Fig. 3a demonstrates very 
plainly that the characteristic which is ideal for flashing condi¬ 
tions is highly undesirable, for the reasons previously pointed out, 
in connection with the most desirable torque characteristics. 

The next best possible characteristic for flashing which might 
be considered is one with which the armature current remains 
practically constant over a wide range of speed, as shown by 
curve B in Fig. 3b. Curve A in the same figure shows the corres¬ 
ponding curve for the ratio of armature turns to field ampere- 
turns. 

Curve C shows the corresponding torque curve, which still 
shows a considerable tendency for decreased torque with in¬ 
creased speed. It is evident that, such tendency must exist 
since, as we know, the field strength must decrease with in¬ 
creased speed, which, with constant armature current, means 
also decreased torque. 

The extreme opposite to the characteristic assumed in Fig, 3a 
is shown by Fig. 3c. The torque curve C shows a very rapid 
increase of torque with increased speed. Such a torque curve 
affords maximum safety for the vehicle when going down-hill, 
because any tendency towards increased speed will be counter¬ 
acted by a rapidly increasing braking torque. For retardation 
of the vehicle, such a curve would, of course, require a very 
large number of small steps in the control in order to avoid 
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excessive variations in the braking torque when going from one 
step to another. 

Curve B shows the corresponding armature current curve and 
curve A the corresponding curve for the ratio of ampere-turns. It 
will be seen that the latter curve shows an excessive increase 




A == Ratio of Armature to Field Current 
B = Armature Current 
C = Torque 


with increased speed and is very undesirable with regard to 
flashing. 

fl?he natural conclusion to be drawn from the previous figures 
is that in practise a compromise between these extremes is the 
only workable solution. Fig. 3d shows characteristics for the 
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ratio of ampere-turns, current and torque which will be suitable 
for the average conditions in practise. The steepness of the 
current curve will, of course, vary, depending upon the service 
conditions, the inherent sensitiveness of the motor to flashing 
and a number of other considerations. As a rule it will be desir¬ 
able to have the curve somewhat steeper for the higher speed 
notches than for the lower speed notches. It has been pointed 
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out before, that in order to obtain an appreciable torque with 
the weak field necessary for the higher speeds, large armature 
currents and high ratios of armature to field ampere-turns are 
necessary; therefore, it is in this case especially desirable to have 
a steep current curve, avoiding further increase of armature 
current. With low speeds, on the other hand, we have, by ne¬ 
cessity, strong fields and weak armature currents for similar 



24 


HELLMUND: REGENERATIVE BRAKING [Jan. 12 


torques, and, therefore, a favorable ratio of armature to field 
ampere-turns. A certain increase of armature current is, there¬ 
fore, permissible and a rather flat current curve may be 
chosen. 

While the curves of Pig. 3 show the characteristics with regard 
to the speed, it will be found that the same conclusions will be 
reached if current changes caused by fluctuations in line voltage 
are taken into consideration. The requirements for a satisfactory 
speed-torque curve will also in these cases limit the use of 
the most desirable characteristic for avoiding overloads and 
flashing. 


A characteristic showing gradually decreasing torque with 
decreasing speed should also prove to be rather advantageous 
where it is necessary in the case of exceptionally heavy trains to 
operate air brakes in conjunction with the regenerative braking. 
If, for instance, the air brakes are put on rather heavily, the 
train speed will decrease because the air brakes are exerting 
a heavy retarding force. If the motor characteristic is such as 
to give a decreased torque at the same time, the total increase 
o torque is counteracted and further decrease in speed will 
be prevented. The opposite action will take place and it is even 
more important when the air brakes release a certain amount. 

e ve 1 C e speeds up in this case, the inherently increasing 
regenerative torque will prevent further increases of speed. 

• therefore, that a compound characteristic, as pre¬ 

viously discussed in the case of the main generators, will pennit 
operation at a more uniform speed, even when using regenerative 

Fifth. Still another point to be considered in connection with 

jrr over-voltages on the motors 

“r oZl C interrupted for some reason 

or other. The natural tendency with most systems fulfilling 

he previous requirements is, in case of power interruption for 
the voltage of the generators, being no longer limited by the’line 
voltage, to rise until saturation is reached ^ 

Since railway motors when operating at high speeds as genera 
tors are always far from being saturated, it is quite possible to 
Jtam voltage rises of two or three tim;s norLl vXge It 
s evident that such over-voltages are likely to lead to flashing 

can breakdowns. While these over-voltage5 

can, course, be taken care of by relays causing an interruption 
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of circuits or the like, the inherent characteristics of the system 
should be such as to introduce a time element sufficient to allow 
over-voltage relays to act before the over-voltage becomes 
excessive and dangerous. 

Unfortunately, it is also a fact that those systems which are 
the quickest to act in avoiding • excessive armature currents 
are usually the ones which are most liable to set up over-voltages 
quickly in case of power interruption when running at high 
speeds. It is, therefore, again necessary to strike the best compro¬ 
mise. 

Sixth. It is finally necessary in connection with regenerative 
control to pay much attention to the proper characteristics of 
the auxiliary exciting apparatus, in order to have the system 
free from troubles. The principal danger in this connection is 
that the auxiliary exciter set, especially the driving part, is 
subject to flash-overs unless proper precautions are taken in 
that direction. 

With these considerations in mind, we may now discuss 
the principal possible characteristics of the source used for the 
separate excitation and the consequent characteristics of the 
main generators. When referring in this connection to the char¬ 
acteristic of the source of excitation, etc., the inherent character¬ 
istic is meant, it being assumed in all cases that variations of 
excitation can be, and are, accomplished by changes in the cir¬ 
cuit connections, changing of resistances, etc. The following 
cases for the main field exciting voltage may be considered: 

1. The excitation is of practically constant voltage. 

2. The excitation voltage varies with the line voltage, either 
in direct proportion or in some other ratio. 

3. The excitation voltage decreases with an increase of re¬ 
generative load. 

4. The excitation voltage changes with both the line voltage 
and the regenerative load. A number of different combinations 
are, of course, possible. 

The undesirability of an increase of field excitation with 
increased regenerative current has been pointed out in connection 
with the series generator. An inherent increase of excitation 
voltage with decreased line voltage is undesirable, because a 
decreasing line voltage inherently means increased regenerative 
load and this load would of course be further increased, were 
the excitation raised at the same time. 
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Symbols Used in Connection Diagrams 
A, Ai, A^ Main machine armature or armatures. 

B Booster armature. 

C Control contacts. 

D Relay. 

E Source of field exciting current. 

F, Fi, F 2 Main machine field or fields. 

G Ground connection. 

H Field winding of exciter armature. 

I Inductance. 

J Differential field winding on exciter machine. 

K Differential field winding on motor driving exciter 

machine. 

L Field winding of motor driving exciter machine. 

M Armature of motor driving exciter machine. 

N Armature of machine driving booster or driven by 
the booster. 

0 Shunt field of booster machine. 

P Shunt field of machine driving booster or driven 

by the booster. 

Q Series field of machine driving booster or driven 

by the booster. 

R, Ri, R 2 , Rz Resistances. 

5 Series field of booster. 

^ 1 , 52 Switches. 

T Trolley. 

Ti Main transformer winding. 

T 2 Auxiliary transformer winding. 

U Auxiliary shunt field on exciter machine 

V Auxiliary shunt field on booster. 

X Cross field of main machine. 

Y Cross field of exciter machine. 

Z Reverser. 

aa Working brushes of main machine. 

hh Exciter brushes of main machine. 

Practically constant excitation, as obtained, for instance, with 
a battery (see Fig. 4), does not give very desirable character¬ 
istics with regard to limiting the armature currents. If, for 
instance, the line voltage drops suddenly, the regenerative volt- 
tap will be much in excess of the line voltage and the only 
thing inherently counteracting excessive currents is the small 
resistance in the circuit and possibly a slight voltage reduction 
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in the generator due to the increased armature field distortion. 
This, however, is not at all sufficient with the large voltage 
variations common to railway work. Fig. 6 shows test curves, 
taken on a standard medium size railway motor, clearly demon¬ 
strating this point. It will be seen that with a voltage drop of 
only about 10 per cent, the regenerative current increases 




100 per cent or more, depending upon the^ load, and the ratio 
of armature to field current goes up practically in the same 
ratio. Conditions can of course be improved by introducing a 
resistance into the circuit. 

The only other way in which this shortcoming of the system 
with constant voltage excitation can be taken care of is by the 
use of quick-acting controlling devices. The system shown in 
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Fig. 6—Speed Constant; Field Constant 


Fig. 5 was developed along such lines some years ago and gave 
quite satisfactory results during an extended testing period. 
The motor fields were reversed in this case so that the regen¬ 
erative current assisted in magnetizing the field, while the bat¬ 
tery E took only the difference between the regenerative current 
and the exciting current. The regulation of the system was 
accomplished by a controller device C, varying part of the resist- 
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ance R. In addition to this, a quick-acting relay D opened the 
switch 5i automatically every time the armature current ex¬ 
ceeded a certain value, introducing temporarily a part of the 
resistance into the field circuit. The operation of this relay 
and switch was found to be somewhat like that of a Tirrill regu¬ 
lator insofar as it very frequently opened and closed the switch 
Si, the time of opening usually being only long enough to give 
the field current a start in the right direction when the armature 
current exceeded desirable values. 

The flat speed characteristic of a system of this kind requires, 
of course, a relatively large number of notches in the control 
in order to avoid excessive changes of current and torque while 
notching up, as is evident from Fig. 7. The necessity for many 
steps is, however, somewhat reduced by the self-inductive and 



damping effect of the main motor field, which introduces a time 
element making the change of the field strength fairly slow, so 
that the vehicle has a chance to retard somewhat before the 
new field condition caused by taking a notch in the control has 
been fully established. This will limit somewhat the current 
peaks. With the system of Fig. 5, the operation of the relay 
D and the switch will also oppose any excessive current peaks 
during the notching up. 

The systems with inherently constant excitation require, of 
course, fairly close adjustment of voltages before the generator 
can be connected to the line. Certain limited inaccuracies can 
be taken care of by the system of Fig. 5 if arrangements are made 
so that the generator voltage is always larger than the line 
voltage before the circuit is closed. If then the generator 
voltage is somewhat too large, tending to give excessive regen- 





1917] 


HELLMUND: REGENERATIVE BRAKING 


29 


erated currents, the operation of the relay D and the switch Si 
will tend to keep the currents down. 

Proper distribution of load between the various motors can, 
of course, only be taken care of in a system of this kind by 
individually controlling each motor by means of separate con¬ 
trolling resistances and controlling devices, there being no in¬ 
herent tendency for balancing the loads. 

A system with constant excitation possesses, on the other hand, 
quite desirable characteristics with regard to some of the other 
considerations.^ Any tendency towards increased speed of the 
vehicle is at once counteracted by a very large increase of torque. 
Over-voltages can be obtained only after the vehicle speed has 
increased, and since this requires a certain amount of time, 
over-voltage relays will have plenty of time to act; as a matter 



of fact, this system is one of the safest with regard to over¬ 
voltages. The use of a battery as a source of excitation is, 
although fairly satisfactory, not very desirable, in view of the 
care and maintenance always incident to a battery. 

A system in which the excitation voltage varies in proportion 
to the line voltage is shown in Fig. 9. A dynamotor merely 
serves as a transformer for reducing the line voltage to a voltage 
suitable for the excitation of the motor fields. Therefore this 
system acts in many respects identically with one having a 
straight shunt generator. Any increase of line voltage is fol- 
lo'wed by a proportional increase of excitation voltage. Such 
an action is ideal, assuming that the change in field follows that 
of the line voltage quickly enough, and assuming further that 
the changes in field flux are proportional to the changes in field 
voltage. 
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These latter conditions are fairly well taken care of in the sys¬ 
tem of Pig. 9, as long as the main motors are not saturated, and 
assuming that the dynamotor field flux responds quickly to the 
changes of its field current. The latter requirement can easily 
be fulfilled by exciting the dynamotor with a series field only, 
as shown, avoiding thereby the damping effect of shunt-connected 
windings, and by making the dynamotor field core laminated, 
thereby avoiding the damping effects of a solid core. 

If the line voltage, under these assumptions, drops suddenly, 
the counter e.m.f. in the dynamotor will at firsts be larger than 
the line voltage. Therefore, the current taken by the dyna¬ 
motor, and with it the dynamotor field current, will quickly 
decrease. Since the laminated field will follow the change of 
its field current, the voltage induced in the secondary armature 
winding of the dynamotor will quickly readjust itself to be 
proportional to the line voltage. Although the inductive and 
damping effects of the main genera¬ 
tor fields introduce a certain time 
element, very excessive increases of 
regenerative currents will be inher¬ 
ently avoided when running at higher 
speeds. For lower speeds for which 
the main generators may be sat¬ 
urated, their fields of course change 
less than proportionally to a change 
of field voltage and current. In these cases the field is, however, 
very strong and undue field distortion will not take place, even 
though the armature currents may assume rather large propor¬ 
tions, until the control can be readjusted by relays or otherwise. 
The effect of changing line voltage with this system is shown by 
the curves in Fig. 10. 

While, for the above reasons, this system is very satisfactory 
for taking care of variations in line voltage, it is less so with 
regard to the steps of the control, the speed-current and speed- 
torque characteristics being essentially those of a shunt machine, 
so that in this respect the same conditions apply as in the system 
of Fig, 5 and as demonstrated in Fig. 7. 

Another handicap of this system is that when the motors are 
connected to the line, excessive currents are liable to be set up 
unless the voltage balances rather exactly or unless other pre¬ 
cautionary steps, like a temporary introduction of a resistance 
into the circuit, are taken. 



Fig. 9 
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Proper distribution of the load is not obtained inherently 
with this system and has to be taken care of by separate regula¬ 
ting rheostats or the like for each generator. The system is, 
on the other hand, very satisfactory with regard to the safety 
of the train, because any tendency towards change in speed 
materially increases the torque counteracting such change. 

Over-voltages are set up rather quickly with this system on 
account of the fact that the voltage changes of the dynamotor 
are very quick-acting. The operation of the dynamotor itself 
is rather safe in this case, since it is of the pure series type, 
which makes it not very sensitive to flashing. 

The system just described is, as previously mentioned, some¬ 
what subject to instantaneous current changes, when the line 
voltage changes. While, as pointed out, the secondary dyna- 


800 


0,600 


400 


400 300 200 -100 O' 100 200 

REGENERATION - AMPERES MOTORING - AM PERES 


Fig. 10 —Speed Constant, Field Amperes Varying with Line 

Voltage 

Curve A = Field saturated. 

“ B = Field unsaturated. 

motor voltage follows the line voltage very quickly, the self- 
inductive and the damping effect of the main motor fields will pre¬ 
vent the main motor field flux from quickly following the field volt¬ 
age. To improve this condition it is desirable to change temporar¬ 
ily the secondary voltage of the dynamotor, and with it the field 
voltage, a greater amount than required for the change in flux, 
in order to effect the quickest change of the field of the main 
generator. This can be accomplished by connection as shown 
in Fig. 11. In this case the exciter armature E of a motor- 
generator set is excited partly, or entirely, by the motor current 
of the set, while the motor itself is shunt-excited. Assuming 
in this case a sudden voltage drop, the damping effect of the 
shunt field of the small motor will prevent any sudden change 
of the field strength, while on the other hand the mechanical 
inertia of the.set prevents any immediate change of the speed. 
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Therefore, the counter e.m.f. of the small motor armature M 
remains unchanged and will be larger than the suddenly reduced 
line voltage. This will tend to diminish quickly or even reverse 
the current in the armature M and Therefore also the current in 
the field H of the little generator. This in turn brings about 
a material reduction in the voltage of the little generator arma¬ 
ture Ej tending to reduce temporarily the main generator field 
appreciably. Before this current has, however, changed to the 
full extent and past desirable limits, the voltage drop of the little 
generator, the speed of the little set and its field will adjust 
themselves to the proper condition. 

This system is, therefore, very well adapted to take care of 
even the quickest changes in line voltage. In other respects, 
the system is very similar to the one previously described, 
except that the motor of the motor-generator set, being shunt- 




excited, is subject to flash-overs, so that neutralizing windings 
or other special features may be required. 

Since none of the previous systems is satisfactory in all respects, 
a system with negative compound characteristic during the regen¬ 
eration period, as shown in Fig. 12, may now be considered. 
This system also includes a small motor-generator set, the 
generator E of which is, however, provided with a field winding 
J carrying the regenerative current and opposing the other 
field winding H. This general principle of providing the exciter 
with a field carrying the regenerative current in a demagnetizing 
direction is applied to the locomotives of the Chicago, Milwaukee 
and St. Paul Railway. If, with the system of Fig. 12, the 
regenerative cun-ent tends to increase, no matter whether on 
account of voltage drop on the line, or on account of changes 
m the control, the increase will cause a decrease in the voltage 
of the little generator, causing a consequent decrease of the main 
generator field which counteracts any further increase of regen- 



1917] 


EELLMUND: REGENERATIVE BRAKING 


33 


erative current. The same feature will also be of assistance 
when connecting the generator to the line; even if it happens 
in this case that the generator voltage is quite an appreciable 
amount above the line voltage, excessive currents cannot exist 
any length of time because, as they tend to set up, they will 
decrease the main field excitation and reduce the regenerated 
voltage. The system may be provided with but few steps in 
the control, because it has a negative compound characteristic 
with curves bent up in such a way that in going from one step 
to the other in the control the increase of regenerated current 
is not very large, even though there are only a few control 
steps and a few curves, as demonstrated by Fig. 8. It will be 
seen from Fig. 12 that this system also changes the excitation 
with the line voltage, as was the case in Fig. 9, and this feature 
will of course assist in keeping overloads down in case of a change 
in line voltage, along lines previously discussed. 

This system, while counteracting undue increases of regen¬ 
erative current, is handicapped in so far as there is a certain 
time element between the increase of the regenerated current, 
the subsequent decrease of the small generator field and the 
decrease in field current following thereafter. 

This in turn means that short-time overload surges of the 
armature current are possible until the main field conditions 
have adjusted themselves, and unless the design of the main 
motor is such as to be inherently very safe against flashing, 
flashes are likely to occur. When applied to several motors, 
the system is further handicapped by the fact that it is either 
necessary to supply a separate exciter for each motor, or, in 
order to distribute the load properly between the different 
motors with a common exciter, special load balancing devices 
have to be used. 

It is evident that with this system any desired speed-torque 
curve characteristic that will best suit the particular service 
conditions may be obtained. 

While the system is liable to give over-voltages, due to the 
fact that, upon interruption of power supply, the regenerated 
current in the field J will disappear, permitting the exciting 
voltage to increase, the previously mentioned time element 
will permit over-voltage relays to disconnect the motor circuits 
before the over-voltages are excessive. 

The auxiliary machines of the system shown in Fig. 12, 
especially the motor, being of the shunt type, are not very 
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desirable, but could, of course be improved by substitui 
highly saturated series motor or by making other suitable ch; 

Some of the disadvantages of the previous system m; 
overcome by a system as shown in Fig. 13. In this cas< 
possible to use a common exciter to good advantage be 
each motor is self-compounding individually, and in cas< 
of the motors should take more than its share of the lo> 
will automatically decrease its own field strength, whic 
turn, counteracts any further increase of load. In order to o 
this effect the upper field portions which carry the regene 
armature current are arranged to counteract the lower poi 
of the field, which are separately excited. 

The regulation of the system is accomplished by cont 
contacts C, eliminating more or less of the exciter series 
turns. The operation of the auxiliary machines, which a 



the series type, should be satisfactory. On the other h 
over-voltages are liable to be established very quickly on acc 
of the small time element previously mentioned. 

One disadvantage of this system is that it requires a sp. 
motor with a two-part field winding. In some exceptional c 
It might happen that a standard field control motor coul< 
used for this system, but as a rule the ratio of turns betv 
the two parts of a standard field control motor is not well adai 
or this system. Even with a special design for the motor fie 
fi IS somewhat difficult to obtain the proper compound charac 
istic for all notches, unless several main field taps and attenc 
undesirable comphcations are introduced. Furthermore 
mam motor fields, if of standard size, are liable to overh 
since the resultant field is the difference of rather heavy amp 
turns m the two opposing field sections. 

The system as shown, in Pig. 14 fulfills practically all the 
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quirements previously enumerated. In this system, arrange¬ 
ments are made so that the sum of the regenerated current and 
the field excitation current of each main generator passes through 
a common resistance. The circuits are further arranged so that 
the voltage of this resistance subtracts from the exciter generator 
voltage to give the resultant voltage of the main generator 
fields. If we assume now that the line voltage suddenly drops, 
causing an increase in regenerated current, or that the latter 
increases for any other reason—as, for instance, changes in the 
control connections—it is evident that the current in the resis¬ 
tance also increases. This being the case, the voltage of the 
resistance increases also, and since the voltage of the small 
exciter is either constant or beginning to drop with the line 
voltage, it is evident that the main field voltage, being the dif¬ 
ference between the exciter and resistance voltage, must suddenly 
decrease and cause the field current, as well as the field, to 
decrease. We have, therefore, a very quick readjustment and 
the desirable negative compound characteristic. It may be 
stated that in general a system giving each machine inherently 
and individually a negative compound characteristic without 
too much of a time element is to be preferred over any of the 
other possibilities mentioned, because such a machine counter¬ 
acts any undue increases of current no matter whether their 
cause is decreased line voltage, large step in control, faulty 
action of control or for any other reason. The desired compound 
effect and speed-torque characteristic can be varied to any de¬ 
sirable amount in this system by merely varying the resist¬ 
ances to suit conditions. The loss in the resistance is in any 
case small, since the voltage across the resistance is hardly ever 
more than the field voltage, that is, only a small percentage of 
the total voltage. 

This system is particularly advantageous with regard to con¬ 
necting the generators to the line. During some experimental 
tests, the generators were put on the line with the no-load 
voltage regulated to 100 per cent larger than the line voltage 
and the maximum currents obtained were well within permis¬ 
sible limits. The adjustment of relays, therefore, does not require 
any great degree of refinement. 

Since each motor has, as in the previous system, a separate 
compound effect, the system will tend to distribute the load 
evenly between the motors and is very satisfactory in this je- 
spect. 
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Over-voltages are taken care of by an over-voltage relay. 
In case of a loss of power supply, the regenerated voltage will, 
of course, rise a certain amount, because the regenerated current 
in the resistance becomes zero, thereby decreasing the voltage 
across the resistance and increasing the voltage across the 
main fields. A rapid cumulative voltage rise is, however, pre¬ 
vented because the inertia of the set prevents an instantaneous 
rise in speed of the motor-generator set and because a damping 
effect of any desirable amount may be introduced by damping 
windings on the field of the small generator that will prevent 
sudden rises of field strength, and therefore, a rise of generator 
voltage above the initial rise. Therefore, there is sufficient time 
for an over-voltage relay and the switches interrupting the exciter 
circuit to operate before the over-voltages have reached danger¬ 
ous proportions. 

The operation of the motor-generator set is safe and flashing 
avoided on account of the driving motor being of the pure 
series type. Over-speeding of the set, when running light, is 
avoided by driving the blower for the main motors by the shaft 
of the motor-generator set. The fact that the exciter set fur¬ 
nishes an easy means for driving a ventilating fan introduces 
a convenient possibility for adding forced ventilation to exist¬ 
ing equipments now operating.without forced ventilation. The 
addition of the motor-generator set with a fan furnishes in such 
a case not only the necessary excitation, but also the additional 
ventilation for the main motors which usually is necessary to 
counteract the increased losses in the motors incident to the 
introduction of regeneration. 


Where service conditions make it desirable, the connections 
shown in Pig. 14 may also be used without any alteration during 
motoring, and give in this case a very convenient method of 
field control. The only difference is that in this case, the resis¬ 
tances carry the difference between the field exciting current 
and the motor load current. An increase in motor current will 
therefore, mean decreased current in the resistance, a decreased 
drop across the resistance,- and increased field strength. In 
other words, we have a positive compound characteristic as 
desirable for motor operation. The system may also be arranged 
to use this compound characteristic up to a certain point and 
s^sequently simply interrupt the resistance circuits by the 
switches 5i and^j, after which the motors will work as straight 

sSh h" T’ Ti armature E merely acting as a 

smaU booster addmg a few volts to the line voltage 
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The advantage of using one and the same connection for both 
motoring and regeneration is that it gives exceedingly simple 
control, permitting at the same time field control during motor¬ 
ing. On the other hand, it has the disadvantage of requiring 
a somewhat larger exciter, since the latter is- in operation a 
much greater part of the time. It may also, at present, at 
least, be advisable to select systems which operate the motors 
altogether independently of the features introduced by regen¬ 
eration, so that the failure of any of the regenerative parts 
does not in any way affect the reliability of the vehicle when 
motoring, and simply means that the air brakes have to be used 
temporarily. For this reason the system of Fig. 14 has so far 



Fig. 15 


been applied only in combination with the standard motor 
connections. 

The system of Fig. 14 may, of course, be modified in a number 
of ways. The resistance R may, for instance, be replaced by 
a constant resistance, and the regulation may be accomplished 
by a resistance in series with the armature E (see Fig. 17). 
This will change the regenerative characteristic for the higher 
speeds as shown in Fig. 16, as compared with Fig. 15, which 
applies for the system of Fig. 14. Regp.lation may also be 
accomplished with a constant resistance R and means for regu¬ 
lating the strength of the field L (see Fig. 18). 

The system of Fig. 14 could, of course, be further improved 
by introducing some means for temporarily forcing the change 
in the main generator fields in order to shorten still more the 
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time element introduced by the self-induction damping effect 
of the main generator fields; while this time element is rather 
small in the system shown in Fig. 14, and is of no practical im¬ 
portance in most cases, it may in case of very sensitive motors 
be desirable to reduce it further. The system of Pig. 17 shows 
one possible way of doing this. The resistances R fulfill 
the same purpose as the resistance R in Fig. 14. The two 
resistances are so dimensioned in Fig. 17, however, that they 
in themselves would give a very steep compound curve, much 
steeper than desirable for the operation of the vehicle. This 
would mean that in case of any change in line voltage or other 
cause for increased regenerated currents, the resistances will 
bring about a material decrease of the main generator voltage, 



and, therefore, a quick decrease of the maim generator fields. 
The materially reduced field voltage will not, however, continue 
to exist because the field K on the motor of the exciter set 
carries the regenerated current and opposes the field L, An 
increase of regenerated current will, therefore, reduce the total 
field and cause the set to speed up, thereby increasing the 
voltage of the exciter armature E. This increase' counteracts 
the decrease in field voltage brought about by the resistances 
R. On account of the inertia of the little set, however, it 
cannot speed up instantaneously, and therefore, there is a 
certain time element introduced in the counteracting effect. 
The combined effect of the resistances R and the field K may 
be arranged to give a fairly flat current curve and yet sudden 
increases of regenerative current are prevented because of the 
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smaller time element in the effect of the resistance R and the 
large time element in the effect of the field K. 

A rather interesting case is shown in Fig. 18. The driving motor 
of the exciter set is shunt-excited and, therefore, essentially 
constant speed. The exciter armature is series-excited and its 
voltage will, therefore, increase materially with increased load, 
and vice versa. If we assume now, for instance, a sudden in¬ 
crease of regenerated current, the field voltage of the main 
generators will be decreased on account of the increased voltage 
drop across the resistances Ri and R^. This will mean that the 
current in the field H also decreases and with it the voltage of 
the armature E, which in turn tends further to decrease the 
current of the main field. It can be shown mathematically 
that it is possible, in this case, to obtain a characteristic with 
constant ratio of main field current to armature current, as 
shown in Fig. 3a. While, as pointed out in connection with 




Fig. 3a, such a curve is as a rule not desirable, there may be 
cases of motors exceptionally sensitive with regard to flashing 
where such a characteristic would make regeneration possible. 

All systems as shown so far are, of course, limited to a certain 
range of speed over which regeneration can be accomplished. 
The maximum possible speeds are usually only limited by the 
maximum operating speed, of the vehicle but the minimum 
speeds are given by the maximum possible saturation of the 
motors. It is evident that regeneration cannot be effected 
unless the generated voltage is slightly higher than the line 
voltage. If, therefore, the speed is such that even with fully 
saturated main fields, a voltage above the line voltage cannot 
be induced, regeneration will be impossible. Since most standard 
railway motors are fairly well saturated at the hour rating, it 
is, therefore, usually not possible to effect regeneration for speeds 
much below the standard hour rating speed. 
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The range of regeneration below this speed can only be ex¬ 
tended by reducing the voltage across each motor. This can 
be accomplished in the same manner as during acceleration, 
by series-parallel control, or still further, by parallel, series- 
parallel and series control. 

The fundamental principles illustrated in Fig. 14 have been 
very successfully applied to series-parallel control during regen¬ 
eration, whereby the range for regeneration has been extended 
from the maximum speed down to about 35 to 40 per cent of 
the hour rating speed. This range is fully sufficient to cover 
all desirable operating speeds on down-grade in most known 
applications. In braking, for the purpose of reducing the ve¬ 
hicle speed, this range permits the regeneration of as much as 
85 to 95 per cent of the stored energy which can be regained 
by regeneration, leaving only a very small percentage to be 
handled by the air brakes. 

The control of the series-parallel system referred to is arranged 
so that parallel connections are obtained automatically for all 
speeds for which regeneration in parallel connection is possible. 
For speeds below this, permitting regeneration in series connec¬ 
tions, series connections are at once established automatically. 
Further arrangements are made for very low speeds which do not 
permit regeneration at all so that the regenerating circuits are not 
established. When regeneration is started in parallel connection, 
and the vehicle speed falls below speeds satisfactory for parallel 
connection, the transition to series connection is accomplished 
without loss of braking torque during the transition. The 
scope of this paper does not permit a detailed description of 
all the control features. It may merely be stated that the system 
has been developed and successfully operated with multiple- 
unit cars and automatic control for the regenerative braking, 
together with automatic control for acceleration. 

The system also has been worked out for manual control 
with automatic maximum torque arrangements, in connection 
with locomotives, and one locomotive has been in successful 
operation on the Lake Erie and Northern Railway for the last 
seven months without any difficulties of main motor or auxil¬ 
iary motor flashing or control failures of any kind, although 
the operating voltage is 1500 volts, with an occasional maYirmi-m 
of 2000 volts obtained during regeneration, the line being 15 
miles (24 km.) long, -with only one substation in the center 
during the first four months of operation. 
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The master controller handle is arranged so that acceleration 
is effected by moving the handle from a certain middle posi¬ 
tion in one direction, and so that braking is effected by simply 
moving the same handle in the opposite direction from the 
same middle position. The motor connections are arranged 
so that they are independent of the regenerative features of the 
control. The manipulation of the locomotive by this single 
master controller is, of course, exceedingly simple and naturally 
very much to the liking of the operator. Every regenerative 
braking position is a running position, so that electric braking 
on down-grades is possible in fine gradations over a wide range 
of speeds. 

In order to establish the reliability of the system, tests were 
made in which the line voltage was suddenly changed from 
900 volts to 1800 volts, and vice versa. Other tests were made 
by interrupting and re-establishing the power supply for var- 



Fig. 19 


ious periods of interruption, and the 
inherent characteristic of the system, 
together with the control features, 
handles all these cases with ease. 

Outside of the essential features 
and requirements to be met by an 
ideal system of control, a great many 
minor features have to be considered. 
Among other things, it is of course 


desirable to keep the exciter as small as possible in order to 


keep first cost and weight down to a minimum. In this connect- 
tion, three different principles of excitation may be considered, 


namely: 

1. The exciter carrying the sum of the exciting current and 
the regenerated current, as shown in Fig. 19. This gives, of 
course, a very large exciter with large commutators and numerous 
brushes. The principal advantage of this system, which has 
been applied on the locomotives of the Chicago, Milwaukee 
and St. Paul Railroad, seems to be that it avoids the necessity 


of connecting the motors to the line as generators. The arrange¬ 
ments in the above case are such that the motors are connected 
to the line in the regular way, first as motors, and the exciter 
is subseciuently connected across the field and raises its excitation 
until the motor voltage overcomes the line voltage and regenera¬ 
tion takes place. This requires the manipulation of two 
separate handles and does not permit series-parallel control 
without interrupting the b aking torque. 
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2. The exciter set carrying the field current only. This 
gives an exciter of smaller current capacity. This principle 
is used in the systems of Figs. 4, 9, 11, 12, 13, 14, 17 and 18. 

3. The exciter set carrying the difference between the field 
current and the regenerative current. This gives, of course, 
a further opportunity for reducing the average current in the 
exciter and its r.m.s. capacity. It so happens, however, that 
with the direct-current systems previously discussed, especially 
for higher speeds, the maximum regenerative current is usually 
so large and the field current ^so small that the maximum cur¬ 
rents to be carried by the exciter are about as large as in the 
previous case. For this reason the saving in exciter size is not 
very great. This system has other disadvantages—among others, 
the fact that the exciter works at times as a motor and at times 
as a generator, which in turn, makes it impossible to use a 
series connected machine for driving it. This, as previously 
pointed out, is liable to lead to flashing difficulties in the driving 
machine. In combination with battery excitation, as shown 
in Fig. 5, on the other hand, this principle is very desirable, 
since by proper design it is possible to charge and discharge 
the battery alternately and keep it charged the proper amount. 

Another point of practical importance in consideration of the 
various systems is not only the number of steps required for 
control, but also the size of the current which has to be handled 
by the controllers. It will be seen, for instance, that in the 
systems shown in Figs. 4, 5, 9 and 11, the entire main field 
current, which is relatively large, has to be handled by the 
contacts. This, of course, leads to a heavier and more expensive 
control as well as increased maintenance cost, as compared with 
the systems shown in some of the other figures, for instance. Figs. 
12, 13, and 18, where only the small shunt current of the exciter 
set is handled by the contacts. 

A great many other similar systems possible for regeneration 
might be described and considered in detail, but it is thought 
that the fundamental principles have been sufficiently demon¬ 
strated by the previous examples. It may suffice to mention as 
further possibilities the use of exciter machines driven by one 
of the axles, or the main motor gears, as well as the use of one of 
the main motors as exciter machine for the other motors during 
regeneration. Numerous combinations of this sort, which are 
more or less promising for practical application, are possible. 

While the foregoing discussions were linxited to systems with 
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one or two voltages across the motor, that is, the line voltage 
and half of the line voltage obtained by series connection of the 
motors, it was repeatedly intimated that extended voltage 
variations will introduce further possibilities for regeneration. 
If the motor voltage could be varied at will, for instance, it 
would permit regenerative braking down to zero speed. 

The system of Fig. 20 shows a possibility for varying the motor 
voltage. In this case, a booster armature B is connected in 
series with the armature A and arranged so •that its voltage 
subtracts from the line voltage, thus permitting the voltage 
of the main motor armature A to be anything between zero 
and the line voltage. Since the negative booster will, in this 



case, act as a motor, the mechanical energy developed by it 
has to be taken up by a driven generator armature iV, which 
returns the energy to the line. The field F is excited by a small 
exciter armature E coupled to the same set. 

Since with the previous systems and series-parallel control 
it is possible to return by far the larger part of the stored energy 
to the line and since it is, on the other hand, not safe to dispense 
with the mechanical brakes altogether, the additional gain in 
regenerative power made possible by a system as shown in 
Fig. 20 would hardly warrant the addition of a booster to the 
equipment, espec ally since the losses of a relatively large booster 
set are likely to exceed the gain made by regenerating at the 
lower speeds. 
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A variable voltage system has, however, other advantages 
which make its consideration worth while. The existence of 
variable voltage permits acceleration without rheostatic losses, 
introducing thereby further economy in power consumption. 
Further, it is possible to eliminate from the vehicle a considerable 
number of switches now used in the main circuits for cutting 
out resistance and for effecting series-parallel control and to 
use in their stead very small switching devices in the fields of 
the booster set. The resistance grids proper may also be elim¬ 
inated. These latter features largely compensate for the extra 
complication and weight of the booster set. 

Instead of only reducing the line voltage by the booster, 
it is, of course, possible to reverse the shunt field of the booster 
machine and make the booster add voltage to the line voltage. 
It has been pointed out previously that the use of higher voltages 
for regeneration permits the use of stronger field currents and 
smaller armature currents during regeneration, which, in turn, 
means a smaller r.m.s. current in the motor armatures and, 
under otherwise equal conditions, somewhat smaller main 
motors. This latter advantage, however, can only be utilized 
if the motors are designed for higher voltages across the com¬ 
mutator, which, as a rule, is not very easy with some of the stand¬ 
ard railway motor voltages. Under special conditions, however, 
advantage may be taken of this point. 

In spite of the above advantages, the system of Fig. 20 repre¬ 
sents hardly a practical solution, because with this system the 
booster set has to be quite large and heavy. It will be seen that 
the booster armature B carries the full motor current all the time 
and that its voltage varies between zero and the full motor 
voltage. The current capacity is, therefore, equal to that of the 
main motors, and while the average voltages are less than the 
line voltage, the maximum magnetic sections and field coils 
must at least be such as to carry temporarily the maximum 
fluxes and exciting currents. The total capacity of the booster 
must, therefore, be only slightly less than the total of the main 
motors, and somewhat similar conditions apply to the arma¬ 
ture N. 

There are, however, a number of possibilities for materially 
reducing the booster size. It is, for instance, quite possible 
to keep the booster in circuit only while the motor voltage is 
different from the line voltage during the first part of accelera¬ 
tion and the last part of retardation, and to connect the motors 
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directly to the line the rest of the time. This will materially 
reduce the r.m.s. current in the booster set. 

Another possibility is to adopt series-parallel control of the 
motors and take full advantage of field control, which will fur¬ 
ther materially decrease the r.m.s. currents furnished by the 
booster set. The introduction of series-parallel control, on the 
other hand, eliminates one of the main advantages of booster 
control, namely, simplicity in the control and small number 
of switches. 

Another possibility for reducing the booster size is shown in 
Fig. 21, which reproduces a system which has been tried qp.t 
in Paris (for complete description, see Electric Railway Journal, 
1914). 

With this system two motors, each of which is designed for 
a voltage equal to the line voltage, are connected in series 
with the booster B, which is again connected to another machine 
of equal size, N, and a small exciter armature £. The booster 
armature B is connected between the two motor armatures. 
In starting, the booster armature opposes the line voltage and 
the motor voltages are very low. Subsequently, the booster 
voltage is decreased until it is zero and the voltage of the two 
motors is equal to the line voltage. Then, the booster voltage 
is reversed and added to the line voltage until the total motor 
voltage equals twice the line voltage. Since the booster is, 
however, connected between the two armatures, the voltage 
to ground is in no case more than the line voltage and the vol¬ 
tage across- any of the motor armatures is never more than the 
line voltage. Starting out, for instance, at the brush a with 
the line voltage, the armature Az ^^'lll by its counter e.m.f. 
bring the voltage at the brush h down to ground voltage. The 
booster B will bring it up to line voltage again at brush c and 
the armature Ai will by its counter e.m.f. bring it down to the 
ground voltage again at brush d. The armature B carries, 
however, in this case, for the same total motor capacity, only 
half as much current as in the case of Fig. 20, where if two 
motors were used the armature B would have to carry double 
motor current. The booster set of Fig. 21 is, therefore, only 
about half as large in capacity as in Fig. 20. 

Fig. 22 shows another possibility for reducing the size of the 
set. In the previous figures, the booster set may be compared 
with a voltage transformer, with two separate circuits. With 
the connections in Fig. 22, the booster set may be compared 
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with an auto-transformer, and it has the same advantages over 
the other systems which an auto-transformer has over a two- 
coil transformer. If we assume, for instance, in Fig. 22, a start¬ 
ing condition with nearly zero voltage on motor armature A, 
we will find that nearly all the current is furnished by the arma¬ 
ture iV, while the current in the armature B is nearly zero. 
At half line voltage the motor current will be furnished about 
bne-half by the armature N and one-half by the armature B. 
At full motor voltage, armature B will carry nearly the full 
current, while armature N has practically no current. While, 
therefore, each of the two armatures still has to be designed 
for a maximum voltage equal to the line voltage, it will be seen, 



for instance, that the current in the booster armature B varies 
between zero and the full motor current, instead of being the 
full motor current continuously, as in the system of Fig. 20. 
Consequently, the r.m.s. capacity of the booster, as well as that 
of the other machine N, would be very much smaller. 

By properly combining two or more of the possible funda¬ 
mental principles for reducing the booster size, it is quite practi¬ 
cable to make the set so small that the booster system may work 
out to be quite advantageous with regard to both weight and 
cost considerations. 

By combining various possible methods of excitation with 
the various methods of booster connections, a very large number 
of possible combinations can be devised, a great many of which 
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are very promising for practical application. Further possi¬ 
bilities are introduced by influencing the motor characteristic 
by properly compounding not only the exciter but also one or 
both of the booster machines. Fig. 23 shows, for instance, 
series fields Q and 5 for these machines, which are so arranged 
that an increasing regenerative current in the armature A will 
decrease the voltage of B and increase the voltage of N, thereby 
increasing the motor voltage and counteracting a further in¬ 
crease of regenerative current. 

The possibility of governing the main generator voltage to 
a large extent by the amount of the regenerative current, as 
shown in Fig. 23, introduces even a possibility of obtaining a 
fairly stable condition with a series generator, as shown in Fig. 24. 
We assume, for instance, that when regeneration is desired the 
main generator field F is reversed. The field P may now be 
connected to induce in the armature N a slight voltage in line 
with that of the line voltage, and the field 0 induces in the arma¬ 
ture B a voltage slightly in excess of the line voltage. The small 
voltage in the armature N will now cause the main generators 
to pick up as series generators. As soon, however, as the re¬ 
generated current becomes an appreciable amount, the field 
R, being arranged to oppose the winding P, will reverse the 
voltage in the armature N so that it opposes the voltage of the 
armature A and further increases of regenerated current are 
prevented. The field 5 is arranged to decrease at the same time 
the voltage of the booster armature B. This same effect of the 
windings Q and S will prevent excessive regenerated currents 
in case of changes of the line voltage. A drop in the line voltage, 
for instance, will tend to increase the regenerated current. 
Such a tendency will, however, be at once counteracted by changes 
in the distribution of voltage between N and P, as described 
before. It is also a fact that slight increases in regenerated 
current with the connections as shown in Fig. 24 are not so very 
objectionable, because for a given connection of the field, the ^ 
ratio of armature to field ampere-turns is always constant by 
necessity in a series generator. 

A booster control used for both acceleration and retardation 
has, of course, the disadvantage that the operation of the entire 
vehicle is dependent upon the additional booster set, and for 
this reason railway men may be somewhat reluctant at the pres¬ 
ent time to introduce such a control, and will possibly prefer 
systems requiring an exciter set only and arranged so that the 
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motor operation is not dependent upon the operation of the 
exciter. 

Another disadvantage of the booster systems is that both 
machines of the bopster set are provided with shunt windings, 
making the machines rather subject to flash-overs and requiring 
special precautions in the design, and possibly the addition of 
neutralizing cross-field windings. 

The systems discussed so far are all worked out with the idea 
of using standard or practically standard railway motors. When 
this condition is not imposed, further possibilities are made avail¬ 
able. Satisfactory regenerative systems might, for instance, 
be devised by the use of compound-wound main motors acting 
as negative compound generators 
during regeneration, although, 
as previously mentioned, the in¬ 
troduction of any shunt winding 
on the main motors is undesir¬ 
able, not only because it intro¬ 
duces complications, but also 
because a shunt winding with 
many turns is subject to high- 
voltage surges and consequent 
breakdowns, and moreover, be¬ 
cause a shunt winding while 
closed increases materially the 
damping effect upon the fields 
and the flashing tendencies of^ 
the motors. Such difficulties can, 
however, be taken care of by the proper control and neutraliz¬ 
ing cross-field windings on the motor. 

Other possibilities consist in the introduction of auxiliary 
exciting brushes which are used during regeneration for the pur¬ 
pose of setting up exciting currents in the armature. 



Fig. 24 


The result of regeneration upon direct-current lines may at 
times be rather disadvantageous with regard to voltage varia¬ 
tions, as previously discussed. Especially with low-voltage 
systems with low density of trafiSc, voltage rises of 10 to 15 per 
cent above the maximum voltages otherwise obtained are not 
at all unlikely in a great many cases. Unless such voltage 
nses are premissible for all apparatus on the line, the only 
remedy is, in such cases, increased line and feeder copper, or 
some equivalent means for taking care of this condition. 
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With direct-current systems, regeneration may be also dis¬ 
advantageous in certain cases of existing substations. While 
with up-to-date converting and generating machines which are 
all equipped with commutating poles, reverse load can, as a 
rule, be easily taken care of, this is at times not the case with 
non-commutating pole apparatus which is dependent upon a 
certain shifting of the brushes out of neutral to commutate 
successfully. With such apparatus when the current reverses, 
the brush shift is in the wrong direction and rather bad commuta¬ 
ting conditions will obtain, which in turn may lead to flashing. 

Alternating-Current Commutator Motor System 

Regeneration with alternating-current commutator motors 
offers in certain respects less difficulty, in other respects more 
difficulty, than regeneration with direct-current commutator 
motors. 

Since alternating-current commutator motors are always pro¬ 
vided with cross-field windings preventing armature distortion, 
and since they always have, moreover, relatively low commuta¬ 
tor voltage, the flashing difficulty is largely eliminated. For 
the same reason the danger of over-voltages is minimized, and 
operation at voltages appreciably above the voltages used for 
motoring is usually permissible. 

The alternating-current system also has the advantage that 
the existence of a transformer on the vehicle makes the variation 
of the motor voltage very easy. This, in turn, means that weak¬ 
ened fields at high speeds are not a necessity and that regenera¬ 
tion at all speeds down to standstill can be accomplished with 
any desired field strength, the only limitation being imposed 
by commutation considerations, much the same as during 
motoring. This permits the obtaining of any desired torque with 
any desired speed, with the armature and field currents adjusted 
to obtain minimum r.m.s. currents in either member. In gen¬ 
eral, therefore, it will be possible to effect regeneration with a 
lower r.m.s current in the armature than in the case of the direct- 
current systems with limited voltage range. 

On the other hand, additional problems are introduced, due 
to the fact that the characteristic of the regenerating voltage 
must not only be right with regard to its size but it must also 
be correct in phase. Another difficulty is to obtain proper 
commutating characteristics for all speeds during regeneration, 
this latter problem being, in'general, identical with the commuta- 
tating problem of_single-phase motors during acceleration. 
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The proper excitation of the generators during regeneration 
may be obtained, in connection with alternating-current com¬ 
mutator motors, in three ways: 

1. By the use of a separate exciter as in the case of the direct- 
current exciter systems. 

2. By the application of exciter brushes on the main motors. 



Fig. 25 


3. By reversing the main fields of the motors and by operat¬ 
ing the motors as load-excited (series) generators. 

A system of the first kind is shown in Pig. 25. In order to 
induce a regenerated voltage of the proper phase, the main 
field of the generators must be about in phase with the line 
voltage. Since the field is purely inductive, the exciter voltage 
impressed upon the field must be shifted 90 deg. against the line 
voltage. This condition can be fulfilled by connecting the ex- 



Fig. 26 


citer as shown with its fields connected to the line voltage; the 
exciter field, being almost purely inductive, will have a phase 
90 deg. shifted against the line voltage, and will also induce 
in the exciter armature a voltage shifted 90 deg. against the line 
voltage, as required. 

On account of the various ohmic and inductive drops of the 
system, a slight phase adjustment is necessary and may be ac¬ 
complished by adding a small part of the line transformer volt- 
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age to the excitation of the main field, as shown in Fig. 26. By 
properly adjusting the phase of the excitation voltage, power 
factor compensation can be accomplished to a certain degree. 

One of the principal handicaps of the systems just described 
is that the exciter has to be rather large, because on account 
of the inductive effect of the main generator field, a large amount 
of kilovolt-amperes is required for its excitation. 

A practical application of a system in which the exciting 
current was furnished by an alternating-current generator was 
made on a locomotive built several years ago for the Midi 
Railway in France. This locomotive was equipped with only 
two large motors, one of which was used as exciting generator 
for the other motor during regeneration. The system worked 
very satisfactorily but was later abandoned by the railway com¬ 
pany in favor of dynamic resistance braking, because abundant 
water power was available and because, therefore, no advantage 



could be secured by regeneration which could not be secured 
by a simpler arrangement for dynamic resistance braking. 
Another handicap in this particular case, with only two motors 
on the locomotive, one of which was serving as an exciter, 
was that only half of the total motor capacity was available 
for braking purposes. On locomotives with a greater number of 
motors this condition changes, of course, and a similar system 
with one motor out of a large number of motors serving as an 
exciter would give very satisfactory results. 

Whenever all motors are to be used for regeneration, the handi¬ 
cap of too large a separate exciter might be eliminated to a great 
extent by applying a system in which the exciter furnishes only 
the difference between the load current and the exciter current, 
as shown in Fig. 27. As previously pointed out, it is possible 
in an alternating-current system, on account of the existing 
possibility of voltage regulation, to maintain any desired ratio 
of field to armature current. By choosing this ratio as near as 
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possible to 1:1, the average current furnished by the exciter 
can be kept very small, and although its voltage has to corres- 
pond to the necessary field voltage, the machine can be kept 
fairly small in size. 

There is danger, however, with the system of Fig. 27, that in 
case of a power interruption or even during normal operation 
the main motor might pick up as a direct-current series generator 
short-circuited by the secondary transformer winding. 

By separating the field conductively from the armature and 
connecting it in series with the stator cross field, as may be done, 
for instance, in the case of a repulsion connection, the possibility 
of direct currents may be eliminated. It is still possible, however, 
for low-frequency regenerated currents to be set up under certain 
conditions, unless special means for their elimination are devised. 

A regenerative system of the second kind, with the main 



motors acting as armature (self) -excited generators, is shown 
in Fig. 28. The operation of this system is as follows: 

Assume that with the motors rotating at a certain speed the 
cross-field circuit X is connected to the line. It is evident 
that a cross field will be set up, the size of which is essentially 
governed by the number of cross-field turns and the voltage 
impressed upon the cross field X. The phase of the cross field 
is shifted 90 deg. against the line voltage. This cross field will 
naturally induce by rotation a voltage between the exciter 
brushes b 6, which is proportional to and in phase with the cross 
field. If we now close the exciter circuit, this voltage will set 
up a magnetizing current which, in turn, excites the field along 
the axis m m. Since the circuit is practically purely inductive, 
the magnetizing current as well as the field will be shifted 90 
deg, against the voltage induced between the brushes b b and, 
therefore, shifted 180 deg. against the line voltage. This field 
will, therefore, induce a voltage in the armature between the 
working brushes a a which is opposite to the transformer volt- 
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age. The value of the generated e.m.f. can easily be adjusted by 
adjusting the voltage impressed upon the cross-field circuit and 
making it sufficiently in excess of the impressed effective armature 
voltage so that regenerated currents are furnished to the trans¬ 
former. The small transformer winding r 2 in the armature 
exciting circuit is provided for the purpose of correctly adjusting 
the phase of the exciting field, which is somewhat influenced 
by the ohmic drops, etc., in the exciting circuits. 

Such a system is advantageous insofar as it eliminates the 
necessity of auxiliary rotating apparatus for regeneration. It 
also permits of power factor compensation during regeneration, 
and possibly during motoring, within certain limits. 

The system is, however, handicapped due to the fact that the 
armatures and also the commutators for the main motors have 
to be increased in capacity because they carry the exciting 
currents in addition to the load currents. This, in view of the 
space limitations existing for the main motors in connection 
with railway work, is quite a serious handicap. Another dis¬ 
advantage of the system is the necessity of additional brushes 
around the commutator. With the large number of brushes 
inherent with single-phase motors, even of the stator-excited 
type, the addition of extra sets of exciter brushes becomes 
in many practical applications a rather serious problem. 

Both of the previous systems have essentially a shunt character¬ 
istic but the current curves are not as flat as they would be 
with a direct-current shunt machine, on account of the reactive 
drops present in alternating-current machines and in the rest 
of the system in addition to the ohmic drops. Since, more¬ 
over, the low voltage of alternating-current motors, and the 
absence of armature distortion, make flashing unlikely, the curves 
obtained with these systems are satisfactory in many cases. 
The excitation is in both cases proportional to the line voltage, 
so that variations in the latter are always compensated by 
proportional variation in the field strength. 

When desirable, steeper curves can be obtained for the sepa¬ 
rate exciter system as shown in Fig. 29, and for the self-exciting 
system as shown in Fig. 30. 

The small transformer as shown in Fig. 29, being connected 
in series with the load current, is arranged so that its secondary 
voltage subtracts from the exciter voltage. An increase in load, 
therefore, means decreased exciter voltage and decreased gener¬ 
ator voltage. In other words, we obtain a negative compound 
characteristic which in its purpose and effect is similar to such 
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a characteristic when obtained in connection with direct-cur¬ 
rent motors. 

The working principle of Fig. 30 is as follows: 

The stator field connected in series with the load current is 
arranged to oppose the magnetizing effect of the armature 
magnetizing circuit. If, therefore, the load increases, the nega¬ 
tive magnetizing effect of the stator field increases. On the other 



hand, it^must be considered that the voltage induced by[rotation 
between the exciter brushes has remained unchanged. The 
demagnetizing effect of the stator ampere-turns will, therefore, 
tend to set up increased magnetizing turns in the armature 
exciting circuit. This in turn, will increase the part of the ex¬ 
citing voltage taken up by the inductance /, leaving only a 
smaller part of the total voltage generated by rotation to be 
consumed by the self-induction of the main field in the armature. 



This, in turn, means that the main field must be smaller than 
before and that, therefore, lower working voltage is induced. 

In this manner it is possible to obtain any desired amount of 
compound characteristic. 

The third possibility for obtaining regeneration by reversing 
the main field of an alternating-current series motor, for instance 
is rather interesting insofar as such an alternating-current series 
generator acts in a way entirely different from a series direct- 
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current generator. A suddenly decreased line voltage will not 
increase the regenerated current of the line frequency as in the 
case of direct current, but will tend to decrease it. Similarly, an 
increased speed will decrease this regenerated current. These 
changed conditions are brought about by the inductive drops of 
the machine and their phase relations to the load current, 
especially the large inductive drop of the main field. While this 
characteristic of the alternating-current series generator would 
make its use for regeneration possible, other difficulties have to 
be overcome for a practical solution along these lines.. The sys¬ 
tem is handicapped by the strong tendency of the generators to 
pick up as direct-current generators with the secondary trans¬ 
former winding serving practically as a short circuit. Even if 
direct currents are made impossible as in the case of a repulsion 
motor, there is a strong tendency for low-frequency currents to 
be set up, causing trouble. In view of these and other difficulties, 
this method of regeneration has so far not been seriously con¬ 
sidered for railway application in this country, and a detailed 
discussion of its theory is, therefore, hardly within the scope of 
this paper. Undoubtedly, it has, however, certain possibilities 
for the future. 

The difficulty of connecting alternating-current generators to 
the line is materially reduced as compared to direct-current 
motors because the inductive effects of an alternating-current 
system materially reduce the tendency towards current peaks. 
The introduction of a certain amount of compound character¬ 
istic by the means previously described will, of course, further 
assist in keeping current peaks down. 

The various considerations and methods possible to take 
care of proper commutation during regeneration are very numer¬ 
ous, so that a complete analysis of them would easily take as 
much space as the present paper. It is, therefore, considered 
advisable to dispose of this subject by merely stating that satis¬ 
factory commutation can be obtained during regeneration, 
although certain complications in the control may have to be 
introduced for this purpose, under certain conditions. 

The considerations in connection with regenerative control 
referring to the transmission, transforming and generating 
systems are with single-phase commutator motors no different 
from these previously discussed in connection with the three- 
phase and the phase-converter system; in other words, there 
is usually no particular difficulty and the changed conditions 
can be taken care of by very few and simple safety devices. 
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Vapor Converter System 

The use of vapor converters in connection with electric rail¬ 
ways, while not of present commercial importance, may be so 
in the future, and, therefore, may be mentioned briefly in this 
connection. 

When a vapor converter is used in a substation, conditions are 
much the same as in ordinary direct-current systems. One 
difference is, however, that the regenerated power coming back 
at times to the substation in the case of rotating converting 
apparatus can readily be returned to the alternating-current 
generating system and used up by other loads of this system, 
while with the present practical forms of vapor converters 
this is not possible. It is, therefore, necessary to dissipate a 
larger percentage of regenerated power in the substations by 
resistances. On the other hand, the vapor converter substation 
is free from certain dangers caused by voltage rises in substations 
with rotary apparatus as previously discussed. 

When the vapor converter is used on the vehicle, the problem 
of regeneration seems, at least at the present time, rather diffi¬ 
cult. While certain suggestions have been made for rectifying 
devices, transforming direct-current power into alternating- 
current power, their commercial development seems to be far off. 
The only possible way for returning regenerated direct-current 
power to an alternating-current line seems to be, therefore, the 
addition of a small synchronous converter or motor-generator 
set to be installed on the vehicle and used during regeneration. 
Such a solution of the problem appears, of course, to be cumber¬ 
some, heavy and complicated. 

Conclusions 

In view of the numerous possibilities for successful regeneration, 
only a few of which have been considered in this paper, it is 
to be expected that regenerative braking will soon assume 
great commercial importance. It should, therefore, be exhaus¬ 
tively considered in any new electrification, and the time is ap¬ 
proaching when its possible application should be investigated 
for the larger existing non-regenerative installations. In view 
of the practical advantages of regeneration for heavy railroad 
work, it is even quite likely that regeneration will in time become 
one of the factors which will win some railroads, now operated 
by steam, over to the electric cause. 
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Discussion on “Regenerative BRAKiire of Electric Ve¬ 
hicles” (Hellmund), Pittsburgh, Pa., Jan. 1 ^, 

Robert Lundell: My experience goes back as far as 1895 

when I first commenced to expenment quietly with small 

regenerative motors for vehicle purposes. The 
with were compound wound, and I confined tbe ad 

series-parallel control, of course, because at that ^ 

iustable-speed motor was not good enough to give a sufficiency 
wide range of speed, so that, my first mnors 

furnished with double commutators—is, 

furnished with double commutators and double arniatur® mnd 
ings with two motors in combination, giving practical^ a spe^ 
X on the motor cnrve of 1 to 8, That >^ “jX^ln 
was capable of speeding up to twice its normal speed ^7 
ing the field. Then the commutators were put ^ series-pnaUeb 
and finally four commutators were put in parallel, g S 
effective speed range on the motor cmve of 

8. These were experiments made in the construction of a stret 
railway equipment, which I believe I designed about the year 
1899. ^The equipment—which was a full-size railway equipment 
of two 35-h.p. motors—had certain ®unous features for instanc 
the field structure was laminated throughout. The held was 
compound wound, and, of course, I had found tha^t 
sary when starting, using the motors as motors, to start with a 
very strong shunt field. This was first weakened to about half- 
field strength, then came the series-parallel connection ^hic 
weakened the field again, and finally in the parallel connect on 
the fields were weakened again after, of course, first bei g 

'""Yt waffound necessary to obtain on the lower speed-ranges 
a characteristic similar to the ordinary shunt characteristic so 
as to drive home to the line, when regenerating, the greatest 
amount of amperes at the lowest possible speed; 
the compound or the differential characteristic did not appear 
to any great extent until the series-parallel connection was 
reached; that is to say, when I had four commutators in series, 
the field characteristic was practically that of a shunt-wound 
motor In the series-parallel connection the fields were changed, 
so that, when motoring they had a fairly strong compound- 
motor characteristic, and of course differential as generators, or, 
negative compound. In the final parallel position it was neces¬ 
sary to have the motors run well and divide the load properly, 
and I therefore gave them considerable compounding with ap¬ 
proximating series characteristic at top speed. We found it 
worked very well, and this equipment was tested at Newcastle 
in the year 1902. 

Before I left New York, I dug out a report by the well known 
engineer Mr. H. F. Parshall, made in August, 1902, which says: 

“It appears from these tests that under the particular con¬ 
dition at Newcastle the total energy consumed by your equip- 
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ment^ was 25 per cent less than that for a standard equipment 
working under the same conditions.” 

After testing this equipment which was compound wound, 
having shunt coils wound with fine flat strands, I quickly made 
up my mind it was not the best way to solve the problem. I 
believed that the right way to solve it was to use a separate 
low-voltage exciter in connection with an ordinary series motor 
and I patented such a contrivance in the year 1900. 

I will describe this arrangement, shown in Fig. 1. There is 
a separate or independent excitation from a small motor-gener¬ 
ator superimposed on^ the excitation from the ordinary series 
coil. In motoring ^ this apparatus acts as a diverter of the 
field current, causing the equipment to speed up, as you 
move the controller from the first to the last notch in the series 
position, which in turn means that the field has been weakened to 
about half of the normal strength. Now, we are ready to throw 
the motors over into the parallel position, and the motor-generator 
is again caused to give the full voltage. I tried, as far as pos¬ 
sible,^ to avoid any resistance in series with the main motor 
circuit, so that, while I admire a good many of the combina¬ 
tions suggested by Mr. Hellmund, I think his arrangement No. 
14 seems a trifle too inefficient to be seriously discussed to-day. 
We have, as I see it there, without studying the diagram very 
closely, the regenerated current going through the entire regu¬ 
lating resistance. Now, in order to speed up the equipment, 
it is necessary to have a sufficient amount of regulating resistance, 
at least equal to the resistance of the field windings, otherwise 
we could not possibly speed up to twice the normal speed. 
This in turn means an extra resistance in the main circuit 
causing considerable loss when we have heavy currents to deal 
with. 

I was looking for some comparative figures in this paper by 
Mr. Hellmund as to the amount of current which he thinks it 
might be possible to regenerate in a large equipment, but I did 
not find any, and p I brought along another book which de- 
cribes another equipment which I was partly responsible for. 
This equipment was tested in 1907 at' Solingen, in Germany, 
and we did a good deal better. It says: 

“The average net input of the respective cars for the three 
mns of the first mentioned test was as follows: ‘Standard 
input = 3.37, Time = 986 seconds, Regenerative input = 2,21 Time 
= 994 seconds. ’ Showing a net saving of 34.4 per cent. Taking 
the grand average of the total runs, that is, seven of the regener¬ 
ative and six of the standard, the net saving works out as 30 
per cent.” 

Comfort A. Adams: What kind of service was that? 

Robert Lundell: Street car service. These were street car 
equipments. I never designed anything larger than that. Most 
all of the motors described or hinted at by Mr. Hellmund deal 
with the old fashioned type of apparatus, including, of course, 
the interpole machines. 
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I have recently had in mind an entirely different type of 
motor as standard for regenerative work, and I wish to put it 
up for your consideration and criticism. In Fig. 2 each circle rep¬ 
resents simply an evenly distributed drum winding, so that the 
inner circle means an ordinary bi-polar armature in the diagram, 
having a drum winding. The outer circle represents the field. 
If we look at the latter it would look like an induction-motor 
field or a polyphase field. It is proportioned in such a way that 
the stator field slightly overpowers the rotor field, say in the 
ratio, as I found, of 1.06 to 1. That is about the right ratio for 
good commutation under ordinary severe commutating con¬ 
ditions. Sending through a line current, we find the motor as 
arranged has no torque, but is a complete compensated machine. 
But, if we take hold of two points in this winding, at 90 electrical 
degrees to the axes of armature magnetization and connect these 
to an independent source of current supply, such as the armature 
of a little motor-generator set, and then put in resistance, we 



Fig. 1 




Fig. 3 


can do almost anything we like with it. We can also arrange 
the excitation in such a way that this little motor-generator 
set is furnished with both shunt excitation and a senes coii in 
series with the main motor current. Then if _we wipe out the 
shunt excitation, the characteristic of the mam niotor will be 
that of a series motor. If we short-circuit the senes _ coil, and 
use the shunt coil, the characteristic of the mam machine is that 
of a shunt motor or separately-excited motor. With the com¬ 
bination of both coils we have the compound motor when 
motoring, and the differential generator when _ regenerating. 
This motor possesses a good many fine characteristics, in me 
first place, we have complete compensation for the armatme 
reaction. The compensating field combines with the excitation 
field in such a way that we have at all speeds and all loads a 
perfect commutating field. We do not 

about flash-over, because the time constants of the field and the 
armature are nearly alike and because the distribution of the 
voltage around the commutator is far more even than on an 
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interpole machine, which is liable to give trouble somewhere on 
the commutator. In connection with the motor-generator, if 
we do not like to have this machine arranged for constant speed 
or furnished with any shunt coils, there is another combination 
which is extremely useful. This (see Fig. 3) is a modification 
of the first arrangement, using an exciter which is a plain series 
machine. The method of regulation is simply this: As the 
main machine is thrown across the line the motor-generator set, 
which has only a series coil for excitation, is running at its 
maximum speed. As the main field is weakened, the motor- 
generator commences to slow down, thereby giving a lower 
voltage for excitation, so that, as the large machine runs up 
to maximum speed, the little exciter runs down in speed; in 
other words, it is running as fast as possible just at the moment 
you start, and when the big motor is well under way, the little 
set, as you might say, is loafing, thereby saving wear and tear 
etc. 

I built a motor with a 22-in. armature and 12-in. core, which 
was originally built as a 230-volt motor, with a speed variation 
of 1 to 4. We ran that motor on 500 volts and even on 1000 
volts, without a sign of sparking at the brushes, the average 
voltage at 1000 volts being about 35 volts per bar. 

E. F. W. Alexanderson: Nothing more need be said about 
the early realization of the possibilities of using direct-current 
series motors for regenerative braking. It is however not until 
recently that regenerative braking has found practical applica¬ 
tion in large scale, that is on the Chicago, Milwaukee and St. 
Paul Railway. ^ I believe that one of the reasons why it has not 
been done earlier is that the fundamental requirements which 
make possible a practical electric braking system with direct 
current have not been generally understood. 

When I undertook ten years ago some experimental work 
along these lines certain conclusions and basic principles were 
arrived at and these conclusions have later been confirmed 
through extensive tests on the experimental track and have been 
further borne out by the thoroughly successful operation of the 
regenerative braking system on the Chicago, Milwaukee and St. 
Paul Railroad. 

The two requirements which must be realized for a practical 
braking system are that the regenerating dynamos should have 
such volt-ampere characteristics as to have electrical stability 
and such speed-torque characteristics as to realize mechanical 
stability. It is as a rule difficult to give an accurate and com¬ 
prehensive analysis of conditions that lead to stability or in¬ 
stability. While any child knows that a pencil cannot be 
balanced on its point because this involves an unstable static 
equilibrium, it is often difficult to explain what constitutes 
dynarnic instability. Briefly, it can be said that dynamic 
instability is a condition where a change in one direction brings 
into action forces that cause a still further change in the same 
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direction. Thus is commenced a series of increments and this 
series may be a converging or diverging series. The latter 
condition of a diverging series of increments constitutes dynamic 
instability and usually leads to self-sustaining oscillations. This 
condition is sometimes classified as a negative characteristic, 
and as an example may be mentioned the^ electric arc or the 
series generator. As a condition of mechanical instability may 
be mentioned a case where a train is descending a hill and the 
brakes have such characteristics that the retarding force de¬ 
creases as the speed increases, and vice-versa. This condition 
may lead to a simple runaway or it may lead to violent oscilla¬ 
tions if two braking locomotives of such characteristics are 
connected together in the same train. ^ . * r 

The series motor has a stable electrical characteristic for 
reasons that are too well known to mention, Q-nd any electric 
generator with a drooping voltage characteristic is also well 
known to have electrical stability, whereas a differential com¬ 
pounded generator is inherently unstable and cannot be operated 
in multiple with another compound generator without means for 
neutralizing the instability. If a series motor is to be used as 
a generator it must obviously be a generator of the type which 
is known to be electrically stable. The relations defining sta¬ 
bility already exist in the motor connection, and therefore the 
same relations with reference to increments of currents must be 
reproduced in the generator connection. The change of the 
absolute value of the current may be said to be only equivalent 
to the change of the integration constant from positive to nega¬ 
tive, whereas the differential equation remains the same, giving 
a slope of the characteristic curves in the same direction. One 
way of arriving at these results is to superimpose upon the nor¬ 
mal motor currents, a current in the field from a source of separate 
excitation which has a drooping or flexible characteristic so that 
only the absolute values of the currents are changed while the 
increment relations are maintained. As an illustration of this 
I wish to show the characteristic curves obtained from test 
which were originally made to verify this theory. These curves 
show that the generator characteristics are of the same shape 
as the motor characteristics, only they are located in a different 
place which means negative values of currents instead of positive, 
whereas, the relation of increments is the same. From the 
analogy with the well known characteristics of the series motor, 
it is thus proven that electrical stability has been established. 
The characteristics shown in Fig. 4 were produced by the use 
of a separate exciter having a drooping characteristic as indi¬ 
cated in Fig. 19 of Mr. Hellmund’s paper. Any other method 
for arriving at these characteristics will obviously give siniilar 
results; for instance, a constant-voltage exciter may be combined 
with a resistance as shown on Fig. 5. In fact this connection 
shown in Fig. 5 was devised at the same time and proven to 
have the characteristic curves shown in Mr, Hellmund's paper 
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in Fig. 15. This connection is apparently in principle the same 
as the one described by Mr. Hellmund as being used by the 
Lake Erie and Northern Railway. 

Several arrangements outside of those referred to may be 
used for attaining the condition for electrical stability but in 
each case it must be proven that the speed-torque characteristics 



in the regenerating connection also possess mechanical stability 
because as a matter of fact electrical stability may exist under 
conditions that give mechanical instability. To illustrate this 
point reference may again be made to a speed-ampere diagram 
of the usual kind. In Fig. 6 is drawn an arbitrary set of re¬ 
generation characteristics which possess electrical stability over 
the whole range. Yet as will be 
shown mechanical stability exists 
only over a portion of each curve. 

If on such a diagram are drawn 
curves which represent the con¬ 
dition bordering between mechan¬ 
ical stability and instability, it is 
found that these curves become 
straight lines through the origin. 

The condition defined is the one 
where a change in speed does not 
cause either an increase or de- 
• crease of braking effort. Thus each 
of these curves should represent a 
condition of constant torque at 
varying speeds. With a constant 
trolley-voltage, it is obvious that 
definite torque corresponds to cur¬ 
rents which are proportional to the speed and thus the charac¬ 
teristic curves defined must be straight lines through the origin. 
(See Fig. 3.) The point on each regenerative characteristic 
which is tangent to such a line through the origin is the limit 
beyond which the curve is characterized by mechanical instability 
although it is electrically stable. In order to find what range of 
operating speeds or currents are possible with mechanical stability 
it is therefore only necessary to draw the tangents through 
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the origin for all the characteristic curves and thereby find the 
locus for relations between currents and speeds which may be 
used with mechanical stability. The correctness of this theory 
has been proven in practise, as it was found that rnechanical 
oscillations were created if the regenerative characteristics were 
such that the theoretical range of mechanical stability was 
exceeded. 

Summing up the conclusions through two simple analogies, we 
may say that if the regenerative braking system behaves like 
a shunt motor with the brushes shifted backwards, then it is 
electrically unstable, and if it behaves like an induction motor 
beyond the breakdown then it is mechanically unstable. In 
other words it should behave electrically like a series motor and 
while it is too much to ask that it should also behave mechanic¬ 
ally like a series motor we must be satisfied if it behaves like 
an induction motor will on the breakdown torque. 



Fig. 6 

The previous analysis shows that the series motor when used 
for regeneration has in essential respects the same characteristics 
as the plain motor, and therefore with a properly designed re¬ 
generating connection there is no distinct difference between 
the motor and generator operation except a matter of degree 
and it is thus possible to gradually change over from motoring to 
regenerating as the change of the road demands it. 

These general conclusions which I have attempted to state 
have been verified through extensive tests in the factory and on 
the experimentafftrack and have been further borne out by the 
thoroughly successful operation of the regenerative system on 
the Chicago, Milwaukee and St. Paul Railroad. 

A. J. Hall: While certain possibilities of regeneration have 
been known for a number of years, the three-phase system is the 
only one, until recently, that has really been placed upon a 
commercial basis. This condition has been due to the apparently 
necessary complications in the control to produce a successful d-c. 
regenerative equipment. 

A successful regenerative control must be as reliable as present- 
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day equipments without regeneration. There are two classes 
01 service, main-line locomotive and car equipments which must 
be considered separately when dealing with this problem 
Kegeneration on car equipments, especially for multiple-unit 
equpments, will be used chiefly to stop trains. The control 
equipments should be arranged for automatic acceleration and 
regeneration and work automatically in conjunction with the 
air-brake system to effect a smooth and reliable stop. The 
exaSin^^^*^ street car service are similar, although less 

Regeneration on locomotives will be used primarily to descend 
^ speeds, and may also be used to bring a train 

- ® following are some of the points which must be 

considered in connection with regenerative locomotives. The 
controller should be arranged for step-by-step accelera- 
tion and regeneration, and the manipulation should be simple 

brakes^^^^ manipulation of the air- 

It should be possible to change over from acceleration to re- 
pneration without opening the main motor circuits, making a 
surge ess transition. The transition frorn one speed comb^L- 
o another, as from parallel to series on direct current 
^active without a complete loss of 

It should not be necessary to continually regulate the master 
controller while descending grades. When descendinfa grade 

moSvP^ ftA regenerative capacity of the loco- 

control equipment should automatically take care 
full retarding effort, so that the motorman’s 
entire attention may be applied to the manipulation of the 

sufficiently to compensate for any 
thaf ff air-brakes should be arranged so 

the tmilhigTolffi^'^^ regenerating, they will be effective only on 

control equipment, as used on the 
Western Railway Company’s a-c. locomotives, ful¬ 
fills more nearly these conditions than any other regenerative- 
braking equipments so far built. regenerauve 

Chicago, Mil¬ 
waukee & St. Paul locomotives is a wonderful step forward in 

Si ^®g®’?®^ative braking, although it does not fulfill 

all of the ideal requirements mentioned. 

A small d-c. locomotive incorporating most of these reouire- 
ments has been in successful operation for the past .nine months 

Sea?futer? Probable that in the 

future, a d-c. type of locomotive will be available which 

h Klf efficiency and reliability of railway motors 

have been improved to a point where there does not seem to 
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be much hope left for radical changes along this line. The 
weight has been reduced apparently to almost a minimum, and 
application has been thoroughly analyzed. The most obvious 
remaining method, therefore, of increasing the overall efficiency 
of the railway system would seem to be the return of stored 
energy of the car or train to the line. The problem involved in 
regeneration, especially for passenger service, is not merely to 
bring the car or train to a stop, lower the speed, or hold on a 
grade, but to accomplish this smoothly. 

In order to determine how the currents varied in the different 
circuits of a motor when retarding a car smoothly, oscillograms 
were taken on a car equipped for regeneration with a scheme 
giving the same characteristics as that shown in Fig. 14 of Mr. 
Hellmund’s paper. After adjusting resistance properly, the car 
retarded very smoothly on regeneration, and even at the point of 
transition from parallel to series control no diminution of re¬ 
tarding torque was noticed. A typical oscillogram is shown in 
Fig. 7 in which A is total current returned to line, B is field 
current of one motor of the two motor equipment, and G is 
current in one armature. It will be noticed that the field 
current builds up before the line switches are closed, at which 
point field current decreases at once, due to the reaction of the 
armature current. In fact, the field and armature current 
mutually react on each other over the entire period. Some of 
the small ripples, even, in the armature current affect the field 
current. This mutual reaction of field and armature current 
gives, of course, a very stable system. 

The effect of cutting out main-line resistance is shown at 
points D for parallel, and points E for series. The retarding 
torque was calculated during regeneration by means of the 
saturation curve of the motor and the field and armature current 
shown on the oscillogram, and found to be fairly uniform over 
the entire period down to saturation of the main motors. 

In retarding a car or train by means of regeneration, one of 
the fundamental principals involves a change of field strength. 
It is therefore pertinent to inquire how far the ratio of armature 
ampere turns to field ampere turns may be carried on an ordi¬ 
nary commutating-pole railway motor. 

A standard stock motor of 115-h.p. nominal rating, 600 volts, 
675 rev. per min. was placed on test, and with connections as 
shown in Fig. 14 of Mr. Hellmund’s paper, the field strength 
was varied. The highest point to which the ratio of armature 
amperes to field amperes was carried was 4.8. Speed at this 
point was 1590 rev. per min. with reasonable commutation. 
With this ratio of current, the windings of this motor give a 
ratio of total armature ampere turns to field ampere turns 
of 2.65. With the ratio of armature current to field current set 
at 3.7, the voltage applied to the motor while regenerating 
under this condition was suddenly changed from 560 to 830, 
with no other result than a slight spit at the brush. 
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An oscillogram of the field form of a motor when thrown on 
regeneration is shown in Fig. 8. This oscillogram plainly shows 
a large reversal of flux under a portion of the pole, but the motor 
under the condition shown in the oscillogram had almost spark¬ 
less commutation. 

W. V, Turner: Lest some people think that regeneration 
will do away with air-brake systems, it should be said that 
regenerative braking is needed for reasons of economy, but the 
air brake will always be needed for reasons of safety. The air 
brake is needed as a reserve to back up the regenerative brake. 
With the latter, all the control is vested in one or two units, 
where the failure of one means a 50 or 100 per cent failure of the 
regenerative system. With the air-brake system, however, the 
air-brake control is vested in from 10 to 150 units, according to 
the number of operative brakes. The failure of one unit there 
is of comparative insignificance. 

I may point out here that the regenerative brake is virtually 
a straight air-brake such as Mr. Westinghouse invented, in the 
first place, and which was abandoned because of the fact that if 
the connection between the cars became ruptured there was no 
brake existing, and that is, of course, true with regenerative 
braking. Therefore you see the necessity, as Mr. Hellmund has 
very well pointed out, of having the regenerative brake work in 
connection with the air brake, or vice versa. 

The greatest need for freight carrying cars today is an empty 
and load brake. With regeneration, the need in many cases is 
reduced for grade service. The reason for this is that the com¬ 
bined use of the two braking systems will supply the retarding 
effort necessary for proper control—a control which is lacking 
on a great many grades today. Such as for instance, on the 
Norfolk & Western grades or the mountain grades of the Chi¬ 
cago, Milwaukee & St. Paul; but it is to be expected that with 
the air brake a regenerative brake will be used at the same time, 
for reasons which I will point out a little later. 

This consideration, however, does not influence the vital 
necessity for the empty and load brake in level road service. 
In this connection it may be well to state that not only is the 
endeavor made to haul long and heavy trains, but to reduce the 
percentage of weight per load, and this makes it practically 
impossible to control trains on grades without the empty and 
load brake. In other words, the load as compared with the 
weight of the car, has increased to such an extent that the 
single capacity brake is now fairly' safe, except at over-load 
speeds, in other words, the capacity of grades is greatly reduced. 

Of course, it should be understood in this connection that 
only a slight portion of the possible economy of air brakes is now 
being realized. What I mean to say by that is, that it is quite 
possible to get 200 or 300 per cent more retarding force out of 
air-brakes than is now being obtained with loaded cars. 

In general it will require as many locomotives to take a train 
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down a grade by means of regenerative braking as it will to take 
the same train up that grade. Of course, in descending the 
grade, all internal train resistances, due to curvature, journals, 
etc., are acting in favor of train control, while in ascending, 
these resistances are opposing the locomotive effort. The greater 
the grade the less influence this internal resistance will have 
upon the truth of the general statement first made. An internal 
resistance of 4 lb. per ton is 20 per cent of the resistance due to 
a 1 per cent grade, but only 5 per cent of that due to a 4 per cent 
grade. This means then that helper locomotives cannot be cut 
off from a train upon reaching the summit of a grade unless the 
descent is milder than the ascent, or unless air-brakes are to 
be used in conjunction with regenerative, that is to say, the two 
together make the braking system. 

In order the better to control slack action and favor draft 
rigging, helper locomotives used as pushers back in the train 
for the ascent should be shifted to the head end for the descent. 
In placing helpers at intermediate points in trains rather than 
at the ends, a safe rule and the one customarily observed is to 
avoid neutral points as to slack at these heavy locomotive units. 
That is, a helper must be in the rear a distance or number of 
cars, greater than the tonnage capable of being handled by the 
head locomotive or locomotives. On the other hand, in de¬ 
scending the grade the position of the helper in the train should 
be ahead of the point where the tonnage rating of the leading 
engine or engines runs out. In this way, the helper locomotive 
will have command of its own slack, but it will not be subject 
to slack changes created by the other locomotive to the detri¬ 
ment of the integrity of the train. The point here made is that 
the same helper position in the train cannot be utilized with 
operating safety for both the ascent and the descent of a grade. 

While mentioning helper locomotives, though it is not directly 
of concern to regenerative braking, it is well to consider the need 
for means to avoid break-in-twos when the power goes off the 
line in ascending a grade. With a steam locomotive the power 
never goes off the line, as it does with an electric locomotive, 
with the result that the helper behind can always keep the slack 
well bunched in the train. With an electric locomotive, however, 
the loss of power means that the train will start to drift off 
down hill. The head locomotive, operating the air-brakes in 
order to stop the train, anchors the head end while the rear end 
keeps on going. This is a result borne out in experience. It is 
essential that, therefore, in event of power leaving the line, the 
air-brakes be set automatically on each locomotive in the train 
in order to avoid this trouble of breaking in two. 

There should also be an automatic interlock between the 
regenerative brake and the air-brake. It will often-times be 
desirable or necessary to use the air-brake in conjunction with 
regeneration. In such cases, the air brake on the locomotive 
must be automatically cut out and released, else the adhesion 
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between the drivers and rail will be over taxed and slid flat 
spots will result. Where traffic is largely in one direction, or 
for other reasons it will be found inconvenient to use the same 
number of locomotives in a train for descending a grade that is 
used for the ascent. In this event, the air-brakes must be used 
to supply the additional retarding effort required to control the 
train. 

I would like to point out in this connection that for such 
work on a 2 per cent grade it will require, say, three locomotivs 
to pull the train up, and one can take it down with the present 
steam locomotive; but since it only furnishes one-third of^ the 
total power, you must use the air-brake for the other two-thirds, 
or the train will run away. Another thing, the speed must be 
kept down to the capacity of the driver, otherwise if anything 
should happen to the circuit the train would run away. These 
things must be considered in connection with regenerative brak¬ 
ing, if it is to made a success. 

H. M. Hobart: In 1903, tramcars equipped with the Raworth 
system of regenerative control were put in service at Devonport 
in England, and in the immediately following years several 
dozen cars equipped with the Raworth system were employed in a 
number of towns in England, f 

It is interesting to observe that in England we first find an 
approach to fair success in reducing this important invention to 
practise. The proposal was not favorably regarded in America. 
It is true that the first application to which I have alluded, was 
of an American invention, but the second,^ that of the Raworth 
system, was the invention of British engineers. England was 
thus the first country in which sufficient discernment was shown 
and sufficient encouragement was extended to permit of carrying 
through the pioneer work required for the successful application 
of regenerative control to railways and vehicles. It is always 
the pioneer work which is beset with the greatest difficulty. 

No one could wish to minimize the credit due to those con¬ 
cerned in these practical applications of the principle in America 
many years later, but I think all of you who have had to do 
with discouraging pioneer work which requires so much deter¬ 
mination and perserverance, will be inclined to agree with me, 
that a vast amount of patience and courage and perserverance 
was required in those years to which Mr. Lundell refers, and in 
the later years during which Messrs. Raworth put many equip¬ 
ments into successful operation. 

I may also mention the fact that amongst the earliest workers 
in this field was Mr. Sprague* who advocated the system in 

tSee paper entitled “Regenerative Control of Electric Tramcars and 
Locomotives” by Alfred Raworth at p. 374 of Jour. Inst. Elec. Engrs. 
(1907) Vol. 38. Also an article at p. 526 of the Electrician for July 17, 
1903 entitled “The Raworth Regenerative Control for Tramway Motors”. 
Also a paper by J. J. Hall entitled “Raworth’s Automatic Regenerative 
Control” at p. 68 of Vol. 54 of The Electrician. 
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1885 in a paper read at Boston before the Society of Arts and 
carried out experimental demonstrations in 1886 and 1887. All 
these workers contributed in large measure to pave the way for 
the splendid success on a large scale which is now recorded in 
America. 

On the basis of the demonstrated economies attainable with 
regenerative control, one cannot but regret the enormous eco¬ 
nomic waste which has been occasioned by the delay of a quarter 
of a century in taking advantage of this simple feature. Al¬ 
though progress is almost invariably greatly delayed by scep¬ 
ticism and conservatism, examples of such long-maintained 
opposition to a sound improvement are fortunately rare in the 
engineering profession. 

F. R. Phillips: Among the multitudinous disadvantages of 
regenerative braking, there is one outstanding feature among 
them which appeals to me, and that was mentioned by Mr. 
Hellmund, viz; increased weight. It will perhaps be of interest 
to you to know that electric railway engineers for the last two 
years, at least, have made great strides toward reduction in the 
weight of car equipment to the extent recently of as much as 
45 per cent, so that I wish to say to those who are interested in 
the development of regenerative braking, to bear in mind this 
particular feature, because we figure very closely, and our 
estimates are that the addition of one ton of weight to a street 
car would mean the additional expenditure of something like 
$70 a year, in energy consumption alone. 

Comfort A. Adams: The point which has just been made in 
regard to increased weight is one which Mr. Hellmund treated 
from only one side. In the case of regenerative braking, it is 
to be noted that insofar as that braking is perfect, any power 
expended in accelerating the extra weight, is restored when the 
car is decelerated. 

C. E. Fortescue: Mr. Hellmund mentions in his paper certain 
disadvantages in connection with regeneration. Two of these 
disadvantages do not appear to me to exist in most cases. For 
example, increased first cost of copper. Where the condition of 
traffic justifies electrification there will generally in a given 
section be as many trains going down grade as going up grade, 
and regeneration in such a case will reduce rather than increase 
the copper losses. As for the matter of regulation, a distribu¬ 
tion system designed to give good regulation with power con¬ 
sumption at the trolley will give good regulation with power 
regenerated at the trolley, whether this power is consumed near 
its source or at the power house. 

In connection with the phase-converter system and to a 
large extent, in connection with all constant-speed systems, Mr. 
Hellmund’s curves show that with rheostat control, maximum 
torque may be maintained at all speeds up to within a small 
percentage of synchronous speed. These motors when regener- 

*See p. 1076 of the Electric Railway Journal for June 5, 1915. 
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ating may also be controlled at speeds considerably in excess of 
synchronous speed. The series motor is not suitable for re¬ 
generation, since it is not self-exciting and as^ a generator is 
essentially unstable. To adapt it for regenerative purposes, it 
must be temporarily changed into a shunt machine. The con¬ 
stant-speed motor therefore has acceleration characteristics as 
good as the series motor and from the point of view of regener¬ 
ation, it is superior. ^ 

A vehicle going slowly up grade will have to make very high 
speed down grade to attain the same average speed as one having 
a uniform speed both up and down grade. On the other hand, 
the vehicle having a uniform speed will require more power for 
its propulsion up grade than the variable-speed machine, but 
the total energy consumption will be the same in each case, 
except for the losses due to friction and windage, which are 
greater in the variable-speed machine. 

One of the principal advantages of electrification is that the 
source of energy is centralized and the various demands upon 
it are averaged so that it is capable of supplying a large demand 
at one point because there is a corresponding smaller demand 
or regeneration of energy at another point. This advantage is 
used to the maximum extent with a locomotive having con¬ 
stant-speed characteristics. 

In a steam locomotive the rate at which energy may be used is 
dependent on the rate of generation of steam, the limit of which 
is defined by the capacity of the boiler, and it is therefore essen¬ 
tially a machine having a constant output. A machine of this 
type is at a disadvantage on a grade since its speed has to drop 
with increased tractive effort and constant horse power. ^ It is 
pretty generally realized that the maximum limit has practically 
been reached in steam locomotive design. 

A constant-speed motor on the other hand has an increase in 
power output with increase in tractive effort within certain 
limits, and is therefore capable of maintaining high speed on 
grades. The sole limit in the operation is the heating of the 
machine and therefore, if generation is to be used down^ grade, 
the increase in energy thereby dissipated in the machine has 
to be taken into account. 

Railway engineers frequently base their prejudice in favor of 
the series motor on its ability to make up time. This conten¬ 
tion is not justified, I believe, by the actual facts. Series motors 
are designed to give a certain speed on a level track, and this 
speed is not much in excess of the average requirements. The 
speed of a locomotive with such an equipment up grade will 
not be as great as one having a constant-speed equipment, and 
down grade the latter is capable of as high a speed as the former. 
The advantage in ability to make up time will therefore be in 
favor of the locomotive having the constant-speed equipment. 

Where the traffic is heavy the power demand from the trains 
in a given section will be averaged at the substation supplying 
that section, so that the large power demand from trains pro- 
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ceeding up grade will be offset by the power regenerated from 
trains going down grade. Where the traffic is not so great 
the load on the substations will have greater fluctuations, but 
with apparatus having high thermal capacity, these fluctuations 
should not cause undue heating. 

It appears, therefore, that in order to obtain all the possible 
advantages from electrification, the characteristics of the motors 
should be such as to take full advantage of the centralization of 
*the power house, both in respect to speed requirements in 
climbing grades and ability to regenerate on the down grade. 

These requirements in my opinion indicate that the motor 
having constant-speed characteristics is the ideal motor for 
heavy traction and long haulage electrification. The results 
obtained in the Norfolk & Western electrification on the Elkhorn 
grade seem to justify these conclusions. 

K. A. Simmon: The constant-speed argument that is ad¬ 
vanced in this paper leads me to a question that was asked of 
some ten or twelve engineers today, with the result that an 
incorrect answer was obtained from all. 

Assume a given cycle of operation with up grade for a distance 
of one mile and a down grade for a distance of one mile. Assume 
that the locomotive goes up the grade at fifteen miles per hour. 
How fast would the locomotive have to come down the grade 
in order to produce a schedule of thirty miles an hour ? 

It is a comparatively simple question, and follows very per¬ 
tinently the application of constant-speed equipment. The 
answer received from most engineers is that the down-hill speed 
must be 45 miles per hr. Inspection shows that it requires an 
infinite speed down grade to get an average speed of thirty miles 
an hour. 

Mr. Hellmund’s paper, I believe, will do much to educate a 
lot of us to use the terms dynamic braking, resistance braking 
and regenerative braking more correctly. We have referred in 
the past in a good many cases to magnetic braking and re¬ 
sistance braking as regenerative braking. In fact it is not at all 
uncommon to refer to all sorts of magnetic braking and dynamic 
braking systems as regenerative braking. 

There are several points which have been made this evening 
that should have special emphasis. Among^ these are the fol¬ 
lowing; First, that the problems confronted in city and subway 
service are entirely different from the regeneration problenis 
confronted on long steep grades or under mountainous condi¬ 
tions; second, that while shunt characteristics may not be de¬ 
sirable for' direct-current regenerative equipments, similar 
characteristics existing in three-phase motors are not to be 
considered as a handicap, as is evidenced by the phenomena 
operation of the Norfolk & Western equipment. ^ The smooth 
operation obtained on these loconiotiyes is largely due to the 
smooth control obtained by the liquid rheostat which unfor¬ 
tunately cannot be employed for direct-current operation; third, 
direct-current regenerative equipment should preferably be 
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based on standard motors, at least for the present; fourth, 
regeneration may lead to the more extensive use of adjustable 
constant-speed motors; and fifth, it appears to be desirable to 
interlock the regenerative control equipment with the air-brake 
equipment. 

F. D. Newbury: You have heard considerable discussion this 
evening concerning the locomotive. Other elements of the 
problem must be considered. There are the line to the sub¬ 
station, the machinery in the substation, the transmission line* 
and the generating system. In considering the application of 
regenerative braking particularly to existing systems, these 
other elements must not be overlooked. The characteristics 
of the substation machinery must be investigated, particu¬ 
larly if the substation happens to contain synchronous con¬ 
verters. Reversal of power means a change in the internal or 
external operating conditions of the machines that may lead 
to new phenomena that may not be altogether satisfactory. 
This in general will not be serious but should be investigated 
in any particular case. 

W. B. Potter: Mr. Hellmund has indicated a vital feature to 
the stability and smoothness of operation, in pointing out the 
difference in the characteristic of a series-wound machine when 
acting as a motor and as a generator; the characteristics which 
make it stable as a motor having an opposite effect when being 
driven as a generator. Of the many ways by which a machine, 
suitable as a motor for railway service, can be given the stability 
essential to successful regeneration, a number have been described 
but the interest will presumably centre upon the two methods 
now in operation,—the Lake Erie and Northern and the Chicago, 
Milwaukee & St. Paul. 

Speaking with more knowledge as to the latter, the results of 
a year’s service have unquestionably demonstrated the success of 
direct-current regeneration and its value as improving the train 
service on all down grades, which would otherwise require use 
of the air brakes. On down grades, ranging from 2 per cent to 
0.6 per cent, and through a wide range in speed, the trains are 
controlled by regeneration, the air brakes being used only for 
the purpose of stopping. The variations in speed incident to 
repeated applications and release of the air brakes, hot brake 
shoes and delays incident to imspection are noticeably absent 
under regenerative handling, and the mountain division under 
electric operation has become a division on which lost time is 
made up, rather than added to. 

Under some conditions regeneration may prove profitable on 
other than grade service, but as the value in this connection will 
be influenced by the saving in energy and lower maintenance of 
mechanical equipment as offset by presumable increase in cost 
and maintenance of electrical equiprhent, the extent to which it 
may be used will be largely influenced by the skill and ingenuity 
in devising simple methods of accomplishing the result. 

Mr. Helhnund's conclusions as to the present status of re- 
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generative braking might well be amended by emphasizing that 
it has already assumed great commercial importance, and that 
it is one of the factors now having a favorable influence toward 
the electrification of mountain service and ruling grades. 

N, W. Storer: In common with a great many other engineers, 
I have worked for a long time with the ideal in my mind of 
returning to the line the lost energy which is spent in heating up 
brake shoes, and ruining the braking equipment. There is one 
thing I have had in mind through it all, and that is we must 
with direct-current motors utilize the standard series-wound 
motor. Its advantages in hauling trains are so numerous that 
we cannot afford to give them up. That is one reason why the 
earlier experiments were unsuccessful. They departed from this 
motor. I do not believe it is possible to have really successful 
regenerative braking on any kind of a system with shunt motors. 
They are inherently too sensitive on a variable voltage system, 
such as any railway is bound to be. 

I have had some question also in my mind as to the desirability 
of a constant-speed machine for handling trains on long hauls, 
or short hauls, either. The instability of the series-wound 
machine during regeneration which has been mentioned is, of 
course, a factor which must enter provided that instability 
exists. There are a great many schemes, however, that will 
make the series motor a perfectly successful and stable machine. 

I do not want to differ too much from the statements which 
have been made heretofore, as to the desirability of having the 
torque or tractive effort increased as the speed increases, but I 
will say I do not believe that it is necessary. I think the equip¬ 
ment will be more suitable if it is allowed to have an electrical 
stability which is obtained by a slight decrease in the torque 
with increase in speed, such as normally will obtain with the 
series-wound machine properly separately excited. 

For the reason that we can have, as has been pointed out so 
plainly tonight, perfect co-operation between the air-brake and 
regenerative braking, we do not care whether the speed increases 
slightly or not. We have the air-brake to fall back on, and in 
my opinion the successful braking equipment of the future will 
consist of a combination which will effect the most perfect 
operation by automatic control of the air-brakes and the regener¬ 
ation. Let the speed increase to a certain amount. You can 
stop it right there by the application of the air-brakes. If you 
get on a heavy grade, and you find that the regenerative brake 
will not hold the train, let the air-brake help. The flat character¬ 
istic is not well adapted to that, without additional excitation 
variation. If you have a steep curve, it will take care of quite 
a wide range of speed without any adjustment whatsoever. If 
the train reaches the limiting speed, you can protect your motor 
fram flashing by permitting the braking power to decrease. 

It has been pointed out very clearly that the motors are 
unsafe if they are allowed to have too great a ratio between 
armature and field. That is absolutely true. Why then permit 



74 


REGENERATIVE BRAKING 


[Jan. 12 


them to have such ratio ? Why not keep it down, and keep the 
ratio within proper limits, even though it does mean decrease 
in maximum power at high speed. You can apply the air-brakes 
to slow the train down to the point where the regeneration can 
hold the whole train. 

I have one point in mind which has been of the greatest en¬ 
couragement to me throughout the years in which I have been 
interested in regenerative braking, and that is a knowledge of 
the amount of energy which is stored in the train. This is 
shown in Pig. 9, in terms of watt hours per ton plotted in terms 



Fig. 9—Regenerative Control-Curve Showing Distribution of 
Energy in Reducing Speed to 10 Miles per hr. 


of miles per hour, and represents an amount that is well worth 
a great effort to save. 

Now, the total amount of energy that is going to be returned 
is simply a function of the speed and the number of stops, that 
is the speed at which retardation begins and the number of stops 
which are made in given time. For instance, if you stop from 
a speed of 24 miles per hour, an amount of energy, about 9.5 watt- 
hours per ton can be returned out of a total of 16. If there 
are three stops per mile made, that amounts to about 29 watt- 
hours per ton mile. Three stops per mile are about the number 
of stops which are made in the subway in New York, in local 
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trains, and the average power consumption amounts to something 
like 90 watt-hours per ton mile. Now, if we stop from a speed 
of about 24 miles per hour, which is about the average, you can 
see at once the amount of power that will be returned per mile. 
It is in the neighborhood of 30 per cent. From that we must 
deduct a sma.l! amount for the increased weight of the equip¬ 
ment, which Mr. Philips is worrying about. _ 

In any regenerating scheme, the net saving in power mways 
takes into account the additional power which is required by the 
addition of weight to the equipment. For that reason, we seldom 
considered that more than 20 per cent, at the outside, can 
be guaranteed on any equipment, but it depends sirnply on the 
number of stops per mile that are made and the speed at which 


regeneration begins. . , , -xt, 

R. E. Hellmund: Regarding the special motor with a 

neutralizing winding, as proposed by Mr. Lundell, I have reasons 
to believe that its adoption would hardly be advisabte at the 
present time. While it is true that the neutralizing effect will 
prevent the usual field distortion and flashing caused thereby, 
we are liable to run into other difficulties. If the mam field, for 
instance, should be without damping effect, which Mr. Lundell 
apparently assumes when he says that the time constant of 
armature and field are alike, it will build up very rapidly after 
a temporary power interruption. Such quick field (manges 
induce high voltages in the coils under commutation, and make 
the motor very sensitive with regard to flashing. if, on tne 
other hand, a damping effect exists, as, I believe, is actually the 
case with Mr. Lundell’s arrangement of Fig. 2, we get an ap¬ 
preciable temporary field distortion after the circuit is closed. 
This is because the machine must be over-compensated for the 
sake of good commutation; such overcompensatioii causes field 
distortion, which is opposite in direction to that obtained with 
a standard motor. As pointed out m the paper, the direction 
of distortion is favorable while regenerating _ with a standard 
motor; with, an overcompensated motor, it is, therefore, un¬ 
favorable. It is thus evident that a motor of the_ compensated 
or neutralized type is by no means foolproof with reprd to 
flashing, but that the designer must, as in case of pe stanprd 
motor, give due consideration to the flashing problem, both in 
designing the motor as well as in choosirig the control system 
Aside from this, a neutralized motor for high voltpes -vnll not 
only be more subject to insulation breakdown, bu i wi a so 
be more costly than the standard type of motorpn accoup of 
the distributed field winding. While Mr. Lupell s a^angempt 
may have sufficient merits, to find practical application in the 
future, I believe that the extra cost and the necessity of a special 
motor type would, at present, retard the introduction of regen- 
erative control rather than further it. ___—_ 


*See Electric Journal, July 1915, page 298 and seg. Article on Com- 
mutation and Flashing of Railway Motors. 
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Mr. Storer took some exception to the statements made in 
the paper regarding the most desirable speed-torque character¬ 
istics. This merely indicates that we electrical engineers are 
liable to differ on the requirements of heavy traction work, and 
that we need the cooperation and advice of the railroad men. 
Unfortunately, none of them has given us the benefit of their 
opinion in the discussion. 

Personally, I believe very strongly in constant-speed opera¬ 
tion, especially for heavy trunk-line work. If it is safe to run 
over a certain piece of track at a certain maximum speed, maxi¬ 
mum traffic efficiency can only be obtained by accelerating up 
to that speed as quickly as possible, running at the maximum 
speed as long as possible, and then decelerate. Therefore, I do 
not think that a motor with varying speed characteristics, like 
the series motor, is really wanted from a traffic point of view, 
although it may have advantages in other respects. The prin¬ 
cipal advantage of the series motor, which has been so successful 
for many years, is, in my opinion, that such a motor is simple 
and rugged, and that it protects itself and the rest of the elec¬ 
trical equipment against undue overloads, by falling off in speed 
with increased torque. This, however, does not mean that such 
characteristic is either necessary, or even desirable, from a traffic 
point of view, especially if other means for protecting the elec¬ 
trical equipment against overloads are available. It seems, 
from Mr. Fortescue’s discussion, that he fully concurs with me 
on these points. 

As a matter of course, the permissible maximum running 
speed is not the same for all track and traffic conditions, and a 
possibility for adjusting the constant running speed to a number 
of different values is, therefore, undoubtedly desirable. 

For these reasons, I believe that the energy devoted in the 
past by many electrical engineers in trying to give an inherently 
constant-speed motor like the induction motor a varying-speed 
characteristic, should, in the future, rather be directed towards 
the development of both a-c. and d-c. equipments giving ad¬ 
justable constant-speed characteristics, for both motoring and 
regenerating. 

R. E. Hellmund (communicated after adjournment): It 
might be inferred from Mr. Lundell’s remarks regarding the 
arrangement of Fig. 14 that the losses in the stabilizing resist¬ 
ance R are of great practical importance. As already pointed 
out in my paper, this is not the case. The resistance is less than 
half the field resistance and, although it carries the sum of the 
armature and field current, the losses will be about the same as 
the field losses, which are very small in an up-to-date railway 
motor. The losses caused by the resistance are something like 
2 to 5 per cent during the regenerative periods, which means 
that they are in the neighborhood of 1 per cent of the total 
power consumption. Thus, the power saving accomplished with 
regenerative control may be reduced from, say, 21 per cent to 
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20 per cent, on account of these resistances. I confident 
that a large majority of operating men will gladly make this 
comparatively small sacrifice, enabling them to use a stable 
system with the standard type of railway motor, in preference 
to using a stator structure with distributed field winding, as 

proposed by Mr. Lundell. _ i, * j-w + 

Mr. Alexanderson’s remarks bring out m a somewhat ditterpt, 
but very interesting manner, two of the principal conclusions 
presented in my paper, viz., the necessity of electrical and 
mechanical stability as relating to volt-ampere a,nd speed-torque 
curves While these two conditions are of prime importance, 
their fulfillment is not sufficient to give successful operation ot 
a d-c. machine unless the problem of flashing is giyen_ careful 
attention in all its phases. This cari hardly be emphasized too 
strongly since it is one of the principal limitations of the d-c. 
machine as compared with induction motors. While it is true 
that the induction motor loses its^ mechanical stability after 
reaching the pull-out point, as mentioned by Mr. Alexanderson, 
it is also a fact that, with the induction motors used for heavy 
traction work, there is no difficulty in keeping this^ point for 
all variations of line voltage above the f ippmg point of the 
locomotive wheels. The limitation introduced by the pull-out 
torque is, therefore, of practically no importance. With the 
d-c. motor it is also easy to maintain mechanical stability up 
to the slipping point of the wheels, but in doing this it is, for 
higher speeds, usually very difficult to^ maintain the flashing 
conditions of the motor within safe limits, for reasons pointed 
out in my paper, especially during transient conditions. Ihis 
point has been frequently overlooked, which fact I believe has, 
more than anything else, prevented regenerative braking from 


being a complete success. . • . 

Mr, Turner points out in his discussion the importance 
of proper joint operation of air-brakes and regenemtive 
braking, a point which also has been touched upon briefly in 
my paper. As mentioned in the paper, some slight conaplica- 
tions may be introduced where it is necessary to operate induc¬ 
tion motors together with the air-brakes. Upon further con¬ 
sideration it appears to me, however, that this problem 
solve itself very simply in actual practise. It should be kept 
in mind that the irregular operation of the air-brakes, causing 
a speed fluctuation of five to ten miles, with a tram wnicm is 
handled with the air-brakes alone, is fundamentally caused by a 
variation in the braking efforts exerted by the air-brakes. Let 
us assume now that an induction motor with no resistance m 
the secondary operates together with the air-brakes, so that me 
motors are exerting their maximum braking torque. It, in this 
case, the braking effort of the air-brakes increases, the speed ot 
the train will decrease slightly, which, in turn, means a mato- 
ially decreased braking effort exerted by the motors. As the 
braking effort of the air-brake subsequently decreases, the vSpeed 
of the train increases, apd with it the braking effort of the 
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motors. We see, therefore, that the motors change their par¬ 
ticipation in the braking automatically, so as to take care of the 
unavoidable fluctuations in the air-brake, and apparently this 
takes place without any action of the engineer or switching 
devices. The only undesirable thing that might happen, is 
that the braking effort of the air-brakes reduces the train speeds 
so much that the motors pass through their no-load point to a 
motoring torque. No particular harm is done if this happens 
once in a while. If it should, however, happen to any consider¬ 
able extent with the flat curve obtained from an induction motor 
without secondary resistance, there is no doubt but that it can 
be avoided by a small permanent resistance being inserted during 
regeneration; this would make the motor curve slightly steeper, 
and reduce the amount of change in torque with change in speed. 
These and similar questions can best be determined by practical 
experience; there is no doubt, however, but that one or the 
other method would take care of this condition satisfactorily. 

Mr. Hobart expresses regret in his discussion that the simple 
feature of regeneration has not been used for the past twenty- 
five years, and it might be inferred from his statements that this 
could have been done just as well as not, and would have avoided 
an enormous economic waste. If this is what Mr. Hobart 
means, I cannot but feel that he does not fully realize all the 
problems which had to be solved, and still have to be overcome, 
in connection with d-c. motors, to make regeneration commercial 
for all classes of service. Whatever successful regenerative 
operation has been accomplished in the past, with battery driven 
vehicles, for instance, would contribute but little towards the 
solution of the difficulties encountered in heavy traction high- 
voltage work. Even the successful operation on a number of 
small tramway propositions does not solve these problems, nor 
a great many other conditions which have to be met in other 
cases, as, for instance, elevated and subway service. The very 
important points brought out in the discussion by Messrs. 
Ferris, Turner, Hall, Newbury, Simmon, Alexanderson and 
Storer, in addition to the points discussed in the paper, give 
fair evidence of the large number of problems to be solved. Not 
only is it a fact that a great many of these points were not fully 
realized until during recent years but, as pointed out in my 
paper, it is also to be considered that the detail apparatus 
needed for taking care of the various conditions, were not 
sufficiently perfected to give fully reliable operation in the past. 
While I am very optimistic as to the future of regenerative 
control, I do not believe that the general introduction of the 
principle is merely a question of doing it, but will require further 
engineering developments in addition to those accomplished at 
present. I fully agree with Mr. Potter in his statements that 
the extent to which it may be used will be largely influenced by 
the skill and ingenuity in devising simple methods of accomp- 
plishing the results. 
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INTERNAL TEMPERATURES OF A-C. GENERATORS 

by RALPH KELLY 


Abstract of Paper 

measured internal temperatures and the 

auencv core length, thickness and quality of insulation, 

can be used for that difference for all classes of a-c. generators. 

rpHERE have been many attempts, more or less unsuccessful, 
1 to establish average figures representing the difference 
between internal and surface temperatures of different classes 
of a-c aenerator stators. When test results from a large number 
of generators are reviewed, the engineer’s first conclusion is apt 
to be that there is no relation or consistency between tempera¬ 
tures measured by thermometer and by thermo-couple. One 
generator may have a difference between inside and outside 
temperatures of only a few degrees while in others a diff.eience 

of fifty degrees and more may be found. 

If however, these test results are checked by calculations 
based on fairly simple laws of heat flow, it will be found that these 
widely varying results can be satisfactorily explained and shown 
to be consistent. Such a comparison will also explain why 
attempts to establish average figures are fore-doomed to failure. 
Frequency, voltage, quality of insulation, copper an ^ core 
densities, shape of slots, and core length, all have a bearing on 
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-the drop in temperature from the inside to the outside of the 
statorWith so many factors affecting the temperature drops 
there is no average figure that can be used for the difference 
between internal and surface temperatures for all classes of a-c. 
generators. 

In the following pages such a comparison of typical test results 
and the corresponding calculated temperatures is given. The 
test figures have been selected for this purpose from some fifty 
odd tests that have been made under full-load current and volt¬ 
age conditions on generators ranging in size from 1000 kv-a. 
to 20,000 kv-a. and in speed from 100 rev. per min. (in vertical 
waterwheel generators) to 1500, 1800 and 3600 rev. per min. 
(in turbo-generators). In one 
series of tests measured tem¬ 
peratures are available under 
different load conditions and 
at all important parts of the 
slot and core. In the other 
only the maximum internal 
slot temperature and the sur¬ 
face temperature readings are 
available. In such cases, how¬ 
ever, if the calculated and 
tested temperatures agree 
reasonably, the calculated Tig. l—S egment of Central 
temperature at the inter- Package with unit Package Se- 
mediate points fin the heat Shown in Detail at Right 

path may be considered reliable. We may confidently use these 
test temperatures and these calculated temperatures, checked 
by test, to show the magnitude of the effects of the different 
factors on the internal temperatures. 

In obtaining the calculated results, a part of the armature 
laminations included between two adjacent air ducts, and one 
tooth pitch in length, is selected fo analysis. This portion of the 
armatu e with the parts of the armature coils embedded in it 
will be termed in the paper “a. unit package,” Pig. 1. As the 
losses in all unit packages are practically identical, the one in the 
center of the core is chosen for analysis because the internal 
temperature rise is usually the highest in that unit package. 
The losses are calculated under load conditions in the armature 
conductors and in the different sections of the armature lamina¬ 
tions included in this unit package. The method of temperature 
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calculation used is essentially a cut and try method. A probable 
armature copper temperature in the central unit package is first 
assumed; the flow of heat to the air ducts, armature tooth, and 
to the coil ends is then calculated. If the assumed copper tem¬ 
perature is correct, the heat flow from the copper to the tooth 
determines the temperature drop across the insulation and the 
temperature of the armature tooth. The laminations of the unit 
package are divided into sections to facilitate the calculation of 
the heat flow through the core. With the tooth temperature as 
a basis the heat flow from section I to the air ducts, to the air gap, 
and to section II is determined. This procedure is followed 
from section to section until the rear of the core is reached when 
if the proper initial temperature has been assumed the total 
loss will have been dissipated to the cooling air. If the loss 
dissipated is greater or smaller than the actual loss in the unit 
package, a new trial temperature must be assumed and the 
calculation repeated. 

Table I gives the calculated and test temperatures with other 
data for four generators that are similar in design except for 
frequency and core length. In test 1, 2 and 3 the temperature 
measurements were made by thermo-couple at several points 
of the unit package for three conditions of .oad. In tests 4, 5, 
and 6 only the internal copper temperature and the surface 
temperatures were measured. The close agreement of the cal¬ 
culated and tested temperatures in these last three tests justifies 
the use of the calculated temperatures for the intermediate 
parts of the unit package in discussing the effect of different 
factors on the internal tempe:atures. While the tested internal 
copper temperatures vary from 36 deg. to 93 deg. the average 
difference between the tested temperatures and the corresponding 
calculated temperatures is less than 3 deg. 

Method of Calculation 

The object of the calculation is to determine the maximum 
measurable temperature to which the armature insulation is 
subjected, which in practise's usually the temperature measured 
by thermocouple placed between coils in the same slot and in 
the center of the core. This temperature is calculated by the 
use of simple heat laws and of empirical data based on a large 
number of experimental tests. The capacity of air cooled sur¬ 
faces to dissipate heat, the correct velocity of air passing over 
the air-exposed surfaces of a generator, the temperatujQ ris,e 
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of that cooling air, and the heat conductivity of the heat con¬ 
ducting paths of a generator, must be determined in order to 
calculate this temperature. The calculation applies only to 
radially ventilated salient pole generators with enclosing end 
bells. For other types of generators suitable changes, based on 
appropriate test data, must be made in the calculation. 

The temperature rise of an air-cooled surface varies with the 
air velocity and may be determined when the relation between 
the air velocity and the heat dissipated per unit surface per 
degree rise are known. It is assumed that the heat dissipated 
from a surface at any given velocity increases directly with the 
temperature rise, which permits the use of the equation 

w - L (1) 

W = watts radiated per sq. in. of surface. 

T = temperature rise of surface above cooling air. 
= a constant depending on the air velocity. 

The data for the constant K. (Tig. 3) have been determined 
from tests where air at different velocities has been passed over 
heated surfaces. 

In Table I the air velocities through the armature core are tab¬ 
ulated with the corresponding values oiK. In long core machines 
with enclosing end bells insuring practically uniform velocities 
in the air ducts, the following values generally apply: 

(a) The velocity of air in the air gap is 75 per cent of the 
peripheral speed of the rotor. 

(b) The velocity of air in the air duct at the tooth is 30 per 
cent of the peripheral speed. 

(c) The velocity of air at the back of the core is 75 per cent 
of the air-duct core velocity. 

These values are by no means constant but should be varied 
with different methods of ventilation as well as different propor¬ 
tions of the armature core. They are based on measurements 
taken on a number'of generators and checked, in common with 
the other constants involved, by the agreement between cal¬ 
culated and test temperatures. 

The losses generated in all unit packages are practically 
identical. For convenience in calculation this unit package is 
divided into sections as shown in Fig. 1; the dimensions shown in 
Fig. 1 are taken from the generator in Test 1. The iron and 
copper losses under load conditions are calculated for each sec- 
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tion. An allowance is included for increased saturation due to 
the influence of the armature reactance, for eddy current losses 
in the conductors, and when operating at high power factors, 
for distortional losses. Recognizing that the density in the core 
is not uniform, the distribution of the loss across the core depth 
is assumed to vary in such a manner that the loss in the section 
next to the bottom of the slot is greater than the loss at the 

rear of the core by the ratio - - po l e pi^ h-’ 

core machines there is a negligible flow of heat from the central 
unit package to the coil ends, so that the watts generated in that 
unit package must be dissipated through the medium of its own 
surfaces exposed to the cooling air. In short core machines the 
heat flowing to the coil ends from the central package should be 
calculated and deducted. 

The cooling air in passing through the machine has its tem¬ 
perature raised by the losses that are dissipated to it. The 
amount by which the temperature of the cooling air is raised 
before it reaches the first section of the unit package may be 
calculated from the fact that 1 kw. of energy dissipated to 100 cu. 
ft. (2.8 cu. m.) of air at an initial temperature of 25 deg. cent, 
will raise the temperature of that air 18 deg. cent, in one minute. 
The temperature rise of cooling air from section to section may 
be calculated similarly. Due to the rise of cooling air through the 
air duct, a correction is made for the flow of heat toward the slot 
from the back of the core by taking a proportionate number of 
watts from the rear section and arbitrarily adding them to the 
losses in the first section. 

In figuring the heat flow through the package, the following 
constants are used for heat conductivity through the different 
materials. 

Lengthwise in iron laminations 1.1 watts per cu. in. per deg. 
cent. 

Crosswise in iron laminations 0.045 watts per cu. in. per deg. 
cent. 

Insulation,* 0.0025 to 0.005 watts per cu. in. per deg. cent. 

Copper, 8 watts per cu. in. per deg. cent. 

The heat conductivity of the insulation not only depends on 
the materials used but depends greatly on the compactness of 

*“Heat Path in Electrical Machinery", Harold D. Symonds and 
Miles Walker, Journal 1. E. Vol. XLVIIL, 1912. 
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the coil. In a loosely wound coil with minute air spaces, a low 
value of conductivity must be used. 

As the first step in the calculation of heat how, the temperature 
rise of the copper above the inlet air is assumed. The heat 
generated in the armature conductors included in the central 
package must be transferred to the air duct, to the coil ends, or 
to the armature iron. The temperature drop through the insula¬ 
tion for a given watt flow per 1 im (25.4 mm.) length of coil is 
expressed by 

_ single wall thickness of insulation X watts conducted. 

^ mean periphery of coil insulation X conductivity of insulation. 

( 2 ) 

Using equations (1) and (2) the loss transferred from the copper 



Fig. 2—Temperature Rise 
Across Laminations 


Fig. 3—Heat Dissipation from 
Air Cooled Surfaces 


to the air at the air duct may be determined by trial. The 
temperature difference between the copper and the iron to per¬ 
mit the tr ans fer to the iron of the remaining loss is calculated 
from (2). This energy is divided equally among the three 
sections of the tooth. 

In determining the temperature difference between the copper 
and tooth it must be considered that the temperature of the iron 
of a unit package varies along its length. In any unit package 
the heat that is radiated to the air duct must be conducted across 
the laminations. To permit this flow there must be a tempera¬ 
ture difference between the laminations at the center of the unit 
package and at the air duct. The center of the unit package 
(Fig. 2) is the neutral plane of heat flow and consequently the 
hottest part of that package. The heat flow from the copper 
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to the iron is then variable. This flow varies along the length 
of the unit package, being small, if any at the center and increas¬ 
ing from point to point to the air duct. The temperature rise of 
the laminations in the unit package is assumed to be a straight 
line. From this assumption it develops that the temperature 
difference previously calculated between the copper and iron 
is the temperature difference between the copper and the lamina¬ 
tions midway between the neutral plane and the air duct. The 
heat dissipated to the air duct from section I is calculated by 
trial from ( 1 ) and from 


T = 


W 

0.045 


X 


L 

8 


T = temperature difference between the plane of average 
temperature and the air duct iron. 

W — watts flow per sq. inch from section I to air duct. 

L — unit package length. 


This last calculation also determines the temperature of the 
neutral plane. In figuring the air-duct dissipating surface, 
one-half the surface of the air-duct spacers is considered as 
effective radiating surface in addition to the surface of the lamina¬ 
tions at the air duct. From the temperature of the neutral 
plane and equation (1) the heat flow from section I to the air gap 
can be calculated. 

The difference between the total watts in section I and the 
watts dissipated to the air ducts and gap must flow to section II. 
It often occurs that more than the total watts are dissipated 
from section I to the cooling air in which case there is a flow from 
section II to make up the deficiency. This heat flow from sec¬ 
tion I to II or vice versa causes a temperature difference from 
which the maximum temperature of section II is determined. 
The total watts in section II consist of the watts from section I 
the watts from the armature copper, and its own loss. The 
same procedure is followed as in section I, except that all of the 
loss dissipated to the cooling air must be by means of the air 
ducts alone. 

This procedure is followed from section to section until the 
calculation for the last section is completed when, if the correct 
copper temperature has been assumed, all of the loss will have 
been dissipated. If there is any energy loss remaining that has 
not been dissipated, a higher copper temperature should be 
assumed; if there is not enough loss to satisfy the condition, a 
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lower temperature should be assumed and the calculation re¬ 
peated.* 

The effect of various generator proportions and characteristics 
upon internal and surface temperatures and on their relative 
values, based upon actual test data and data obtained by the 
use of this method of calculation, will be discussed in detail in 
the following paragraphs. 

Effect of Frequency 

In Table 1, the 50-cycle generator, test 6, has practically the 
same core length and armature densities as the 25-cycle genera¬ 
tor, test 4, yet its internal copper temperature rise measured by 
thermocouple is 57 deg. cent, higher than that of the 25-cycle 
generator. 

The maximum temperature rise of the copper above the inlet 
air is the maximum temperature rise of the armature tooth in 
the center of the core plus the temperature drop through the 
armature insulation at that place. The maximum temperature 
rise of the armature tooth depends to a small extent on the heat 
flowing to the tooth from the copper and largely on the iron loss 
in the teeth and core. 

The difference in the internal temperature rises experienced 
in generators of different frequencies is caused mainly by the 
difference in the core loss. In the 50-cycle generator the losses 
are considerably greater than in the 25-cycle generator, even 
though the core densities in the 50-cycle generator are slightly 
smaller. The temperature difference in the two machines due 
to the increased iron loss caused by the higher frequency is 
accounted for very nearly by the temperature rises in section I 
of the tooth. These rises are 70.8 deg. cent, for the 50-cycle 
generator and 33.1 deg. cent, for the 25-cycle generator, as 
compared with the corresponding measured copper temperatures 
of 93 deg. cent, and 36 deg. cent. It is noted that the difference 
between the armature-tooth temperature rises for the two 
generators is somewhat smaller than the difference of the thermo¬ 
couple temperature rises; this being due to a greater temperature 
drop through the armature insulation in the 50-cycle generator 
caused by a greater flow of heat from the copper to the iron. 

The 60-cycle generator, test 1, may also be compared with 

*Thisformof temperature analysis was devised by Mr. B. G. Lamme 
a number of years ago, and was more completely worked out and ap¬ 
plied by his assistant, Mr. F. T. Hague, in 1913. 
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the 25-cycle generator, test 4, to show the effect of frequency on 
internal temperature rises. The comparison is not as direct 
as in the previous case, for, although as before the armature 
densities are practically the same in both cases, the core length 
of the 60-cycle generator is roughly one-half that of the 25-cycle 
generator. Yet, in spite of this advantage, the 60-cycle generator 
armature-tooth temperature rise is much higher than the same 
temperature rise of the 25-cycle generator, although the difference 
is not as great as in the previous case. The reasons for the 
difference in temperature of the 50-cycle and the 60-cycle gener¬ 
ators will be discussed later. 

If the 50-cycle generator, test 6, were operated at 60 cycles 
with the same armature densities, the additional losses caused 
by the higher frequency would increase the temperature rise 
measured by thermocouple to a still greater value than 93 deg. 
cent. Thus, in comparing the two generators, tests 4 and 6, on 
the basis of the extreme commercial frequencies of 25 and 60 
cycles, the differences in internal temperature would be even 
greater than on 25 and 50-cycle basis. 

From the test results in column 4 it is evident that in large 
25-cycle waterwheel generators the internal temperature will be 
approximately the same as the copper thermometer temperature 
and will always be relatively low. This is confirmed by several 
tests on 25-cycle generators; for example; 


Rating 


12000 kv-a.. 
12000 kv-a.. 
4500 kv-a.. 
7640 h.p... 
6250 kv-a.. 


Phase 

Rev. per min. 

Volts 

Surface 

temperature 

rise 

Internal 

temperature 

rise 

3 

116 

11000 

47 

47 

3 

94 

11000 

27.5 

33 

1 

500 

11000 

45.5 

55.5 

3 

375 

13000 

31.5 

35.5 

3 

1500 

6600 

22 

31. 


For 50 or 60-cycle maximum rated generators there is always a 
large difference between thermometer and thermocouple read¬ 
ings. The thermometer readings in many cases are not appre¬ 
ciably greater than for 25 cycles but the thermocouple readings 
show a large difference over those for the lower frequency. 

Effect of Core Length 

A change in core length' affects the internal temperature in 
two ways; it changes the volume of armature material to be 
ventilated and to a lesser extent it changes the proportion of 
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heat transmitted to the coil ends. Of the two effects the change 
of armature material to be ventilated with a change of core 
length is the most important. With a given pole arrangement 
the inlet area, between the poles, for the armature ventilating air 
is fixed. An increase in core length, with other conditions 
remaining the same, results in a proportional increase in the 
armature losses. The volume of cooling air through the fixed 
inlet area remains practically constant with a given fan pressure 
so that there is less cooling air per kw. loss than before and 
consequently the temperature rise increases. In the case where 
a given generator is increased in core length and it is required 
that the temperature rise be kept constant, it is often possible 
to change the ventilating fans to increase the air pressure, which 
results in an increase in air volume. This increase is usually 
not commensurate with the increase in armature loss,^ so that 
this loss must be reduced by using more material. This makes 
it evident that there is a definite core length in radially venti¬ 
lated generators for each number of poles and each rotor diameter 
that it is inefficient to exceed. 

The end coils which are directly exposed to the cooling air have 
the capacity to dissipate heat; this capacity varying with the 
temperature difference between copper and air, the air velocity, 
and with the quality and thickness of the insulation. With the 
heat dissipating capacity of the coil ends constant, it follows 
that with an increase in core length the heat flow decreases 
from the center of the embedded armature coil to the coil ends. 
For long-core generators, i.e., generators with a core length 
greater than 30 in. (76.2 cm.), it has been found by checking 
a number of tests, that with a normal winding practically no 
heat flows from the center of the coil to the coil ends. On the 
other hand in short-core generators an appreciabk part of the 
‘Turied” copper loss will be dissipated from the coil ends. 

The two generators, tests 1 and 6, afford an excellent 
example of the increase in temperature rise with an increase 
in core length; the generator in test 1 having the greater fre¬ 
quency, but other conditions remaining practically the same. 
The temperature increase of the long-core generator, test 6, of 
19.7 deg. cent, more than the generator, test 1, is caused prin¬ 
cipally by the poorer ventilation of the long-core generator due 
to its greater core length. The coil ends but slightly affect the 
temperature difference in this case, for in one generator only 
10 per cent of the ‘^buried” copper loss of the central unit package 
is dissipated to the coil ends while in the long-core generator 
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practically none of that loss is conducted from its central unit 
package to the coil ends. This temperature difference is all the 
more noticeable for the “ short-core” machine has a higher fre¬ 
quency so that were the generators the same frequency, other 
characteristics the same as at present, the temperature difference 
would be still greater. 

^Effect of Thickness, Compactness and Quality of 

Insulation 

In long-core a-c. generators the flow of heat from the armature 
copper to the cooling air is through the insulation to the lamina¬ 
tions, so the temperature drop through that insulation is an 
important factor in determining the internal copper temperature. 
This temperature drop varies inversely as the heat conductivity, 
which in turn depends on the compactness and quality of insula¬ 
tion. The numerical value of the heat conductivity of armature 
insulation varies over a broad range, being different even in 
samples made up of the same insulating materials; this difference 
being due to the effect of air pockets in the insulation. Tests 
made by H. D. Symonds and Miles Walker, previously referred 
to, illustrate the great effect of air pockets on the value of heat 
conductivity of insulation. In these tests the heat conductivity 
of insulation composed of empire cloth and mica wound tightly 
was almost double that of the same material wound loosely. 
These tests, checked by the calculations of generators, indicate 
that the heat conductivity of armature insulation varies within 
the approximate limits of 0.0025 to 0.005 watts per cu. in. per 
deg. cent. The lower value is for hand wrapped unimpregnated 
insulation and the higher value for compact machine wrapped 
insulation. 

The temperature drop through armature insulation also 
varies with the thickness of the insulation. This means that the 
higher the voltage of a generator for a given heat flow the greater 
will be the temperature drop across the insulation providing the 
same type of insulation is used. 

In the generators under discussion the armature insulation for 
the one in tests 1-2-3 consists of mica and fibrous material; the 
entire coil being hand wrapped and thoroughly impregnated to 
eliminate as completely as possible minute air spaces. The con¬ 
ductivity constant used for this material is 0.004 watts per cu. 
in. per deg, cent, which, in te st 1, results in an average tempera- 

Rational temperature guarantees for large a-c. generator Trans 
A. I. E. E., 1916, Vol. XXXV, Part II, p. 1489. 
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ture drop in the central unit of 22 deg. between the copper and 
iron. 

For the generator in test 5, the armature coil is made up of 
stranded conductors insulated from each other with asbestos 
and mica, the whole then insulated with a wrapper of thin paper 
covered with splittings of mica. This wrapper is applied while 
heated and under tension, so that when completed the coil is a 
relatively solid mass with a high percentage of mica. Due to the 
use of superior insulation, the insulation thickness is the same 
as in the previous case, even though the voltage is somewhat 
greater. In this case with approximately the same heat flow per 
square inch as for the generator, test 1, the temperature drop 
through the insulation is only 16 deg. 

If these. generators had been wound for 13,200 volts, the 
insulation thickness would be approximately doubled. The 
temperature drop through the insulation would increase approxi¬ 
mately in the same proportion to the increase in insulation thick¬ 
ness, which in turn would increase the internal temperatures. 

Effect of Current Density 

The current density has an important and direct bearing on 
the internal temperature since it largely determines the heat loss 
that must be transmitted through the insulation. The total 
copper loss is the PR loss plus the eddy current loss. Neglecting 
the eddy current loss the drop through the insulation in any 
given generator is very nearly proportional to the square of the 
armature current or to the square of the current density. A low 
current density reduces the drop not only by reducing the loss 
but also by increasing the area of the heat path, since a larger 
slot is required for the increased copper section. With a given 
limiting temperature drop through the insulation, the use of 
machine wrapped mica insulation, with its better heat conduc¬ 
tivity, justifies the use of higher armature copper densities. 

The test temperatures in tests 1 and 2 clearly illustrate the 
effect of the armature current density on the temperature drop 
through the insulation in the same generator. In test 1 with a 
current density of 2180 amperes per sq. in., the armature copper 
temperature rise is 11.6 deg. cent, higher than the maximum 
temperature of section I. In test 2 with a current density of 
1090 amperes per sq. in. the armature copper temperature rise 
is 5.3 deg. cent, lower than the maximum temperature of sec¬ 
tion I. 
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Effect of Tooth and Core Densities 

The tooth and core densities have a similar effect on the inter¬ 
nal temperature as the generator frequency, since both affect 
the copper temperature through the core loss. 

Tests 2 and 3 bring out very clearly the effect of increasing 
the saturation of the armature iron, other conditions remaining 
the same. The test conditions for test 4 were exactly the same as 
for test 3 with the exception that the armature voltage was 
increased 20 per cent which proportionately increased the tooth 
and core densities. The result of this increase was to raise the 
internal copper temperatures from 39.4 deg. to 59 deg. cent, even 
though the copper loss remained the same. This difference in 
copper temperatures is very nearly the same as the difference in 
the maximum temperatures of the armature iron; indicated in 
the table by the test temperature of section I. The difference in 
copper temperatures in the two tests is slightly less than the 
difference in the iron temperatures, this being due to a slightly 
increased heat flow in test 4 from the iron to the copper. Both 
tests and calculations show that a variation of the iron density 
alone produces a change in the internal temperature of the copper 
almost proportional to the change in iron loss. 

Effect of the End Windings on the Internal Temperatures 

It has been previously pointed out that the end coils usually 
have the capacity to dissipate heat from the embedded part of 
the armature coil. The test temperatures in tests 1, 2 and 3 
show roughly the effect of this flow under different conditions 
of load for the same generator. In test 1, with a comparatively 
large copper loss, the temperature of the armature copper is 
11.8 deg. cent, higher than the maximum temperature of section 
I indicating a comparatively large flow of the buried copper loss 
from the copper to the iron. In test 2, with roughly one-quarter 
of the copper loss in test 1 and a slightly lower iron loss, the 
armature copper temperature is 5.3 deg. cent, lower than the 
maximum temperature of section I, indicating practically no 
heat flow between the copper and the iron. In test 3, with the 
same copper loss as in test 2, but a greater core loss, the armature 
temperature is 7.7 deg. cent, lower than the maximum tempera¬ 
ture of section I, indicating that there is a small heat flow from 
the iron to the end coils in addition to that of the buried copper 
loss. 

The calculation of the heat flows from the central unit package 
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to the end windings in these three tests not only confirms the 
test results, but gives more exactly the actual conditions of that 
heat flow. In test 1, 10 per cent of the buried copper loss of the 
central unit package was conducted to the end coils. In test 2 
all of that loss was conducted to the end coils besides which 0.4 
watt iron loss was conducted from the central unit package 
through the insulation to the end coils. In test 3, all of the 
buried copper loss was again conducted to the end coils, and the 
iron loss conducted from the central unit package was increased 
to 1.4 watts. This is equivalent to approximately 25 per cent 
of the buried copper loss in the central unit package. 

The increase of end winding temperature of 19.6 deg. cent, in 
test 3 over test 2 shows that in fairly long-core machines it re¬ 
quires the cumulative effect of but a very small watt flow from 
each unit package to raise the temperature of the end windings 
a large amount. With long-core high-current-density machines 
with a large temperature difference between the center of the 
machine and the cooling air at the end coils, a very small per¬ 
centage watt flow per inch length of coil will satisfy that difference 
and this flow may be neglected when analyzing the heat flow of 
the central unit package. 

Relation of Internal Temperatures to Surface 
Temperatures 

It has been shown previously in this paper that the maximum 
tooth temperature of a generator is very closely related to the 
internal copper temperature. An inspection of the detailed test 
temperatures in tests 1, 2 and 3 will show that the core surface 
temperature measured by thermometer varies almost in propor¬ 
tion to the tooth temperature. 

A thermometer placed on the armature end coils rises after 
shut down when the flow of the ventilating air is stopped so that 
the recorded test temperature rise of the end coils will be between 
the surface temperature of the coils during running conditions 
and the internal copper temperature of the end coils. This test 
temperature in any machine wil be nearest the operating 
surface temperature or the internal temperature of the end coil 
copper, dependent on the rate of cooling of the generator after 
shut down, on the methods of placing the thermometers on the 
coils and on the degree of sluggishness of a thermometer in 

recording temperature changes. 

The variations incurred in measuring the end coil temperatures 
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make the relation between the internal copper temperature and 
the end coil temperature less direct than in the case of the iron 
temperatures. Nevertheless, an inspection of tests 1, 2 and 3 
shows that a change in the internal copper temperature results 
in a corresponding change in the end coil temperature as meas¬ 
ured by thermometer. 


Conclusion 

The results of the tests in Table 1 show that there is a wide 
divergence between internal and surface temperatures in a-c. 
generator stators. In the preceding pages it has also been shown 
that the amount of divergence of the surface temperature from 
the maximum internal temperature depends mainly on fre¬ 
quency, core length, and armature voltage. Of the generators 
listed the greatest difference between surface and internal temper¬ 
ate is found in the 50-cycle generator, test 6; this temperature 
difference being 35.5 deg. cent. For a generator of the same char- 
actenstics except designed for 60 cycles and 13,200 volts, it is 
sa:fe to say that the temperature difference between the surface 
and internal temperatures wo^jld be approximately 50 de^. cent 
In the 25-cycle generator, test 4, which is similar to the 50-cyde 
generator, test 6, with the exception of the frequency, the inter¬ 
nal and surface temperatures are the same. The results of these 
two tests show clearly there is no one value that applies to the 
emperature difference between surface and interna tempora- 
^ classes of a-c. generators. Furthermore, it is evident 
from these tests that surface temperatures measured by thcr- 

SiTh S of the maximum temperature to 

effect tSt Z ? '' subjected, unless all the factors that 
emperature are given due consideration. 
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Discussion on “Internal Temperatures op A-C. Genera¬ 
tors” (Kelly), New York, February 14, 1917. 

Henry G. Reist: This paper shows very clearly the method of 
analysis for the location of the losses that has become necessary 
to produce the large turbo-generators which are now being built. 
In these machines the losses are very great, and as the author 
points out, the distances to the end of the core and to the back 
of the core are so large that very little heat can be taken off from 
those parts, and the heat must be transferred to the cooling air 
near the point where it is generated. 

This is usually done by having radial or axial air ducts. In 
the case of axial ducts, they must be placed very close to the coils, 
because as is clearly shown the heat generated in the teeth and 
in the slots is very much greater than in any other part of the 
machine. This heat cannot be conducted to the back of the core 
on account of the surprisingly large temperature drop in the iron, 
good a heat conductor as it is. 

I noticed in the generators in the Table I that test 1 and test 3 
have apparently a higher heat drop from the inside of the coil 
to the outside than test 5, and that the difference was due to the 
method of applying the insulation. 

^ It will be noted that the other generators have a lower poten¬ 
tial and a larger output than No. 5. They probably have larger 
conductors, and possibly have greater eddy currents. If this 
was not taken into account in making the calculations, it may 
possibly account for part of the apparent difference. I do not 
think that it makes any difference whether the insulation is 
hand applied or machine wrapped, so long as it is applied with 
equal compactness, which may readily be accomplished by 
removing the air and by properly pressing and cementing the 
coils. 

Comfort A. Adams: It is only within the past very few years 
that any quantitative recognition has been taken of this drop of 
temperature between the hot spot and the surface where the 
thermometer temperature is. obtained. When a large turbo¬ 
alternator would burn out with surface thermometer tempera¬ 
tures of 90 deg. cent, it was hard to make the operating engineer 
believe that the type of insulation employed would safely with¬ 
stand 125 deg. cent, continuously. It is a fact, however, that in 
some cases of long-core machines with poorer ventilation than is 
now generally provided, this temperature drop is sometimes 60 
deg. or 70 deg. cent. 

Thus it is that the designing engineer has been forced to 
develop some method of approximately predetermining this 
temperature drop. This is quite consoling to the college pro¬ 
fessor who has been emphasizing the importance of such analysis 
for many years. 

Even were the method more tedious than that proposed by 
Mr. Kelly, it would be well worth while, if the results obtained 
are reasonably reliable, since the ability to predetermine the 
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approximate hot-spot difference in an entirely new machine may 
save much time and money, cutting and trying. This whole 
thermal problern is at once one of the most important and one of 
tne most complicated problems to handle in connection with the 
design of electrical machinery. The accuracy with which tem¬ 
perature rise is predetermined by ordinary methods, is almost 
negligible. 

If I were to offer any criticism of the paper, it would be to ex¬ 
press some doubt as to the assumptions made as to the air 
velocities in the gap and ducts. 

First, it is necessary to define what you mean by the velocity 
ot air in the gap relative to the stator surface. There are two 
velocities, peripheral due to the rotation of the rotor, and axial 
usually due to a forced draft supplied either by fans on the arma- 
ture shaft, or by external fans. Moreover the velocity varies at 
different points radially across the gap. 

Second, in what degree does the heat dissipating power of the 
stator surface depend upon the air velocity. 

^^^^tities are not only difficult to define, they are more 
dimcult to measure. However, it is always possible to choose 
a vdocity and a coefficient of the velocity term in the expression 
tor heat dissipation per unit of surface, which will (in a method 
such as that here given) yield a result consistent with that 
determined experimentally. It is obvious also that a lower 
velocity with a higher coefficient (of the velocity term above 
raentioned) will yield the same result, or vice versa. But al¬ 
though any one of these combinations may yield correct results 
for a particular machine or possibly for a particular type of 
machine, it is pretty sure to^ lead one astray when applied to a 
machine of different proportions unless it is the one correct com¬ 
bination. 

I should like therefore to ask Mr. Kelly as to the basis of his 
as^mptions with regard to the air velocities in gap and ducts 
. Dawson: I suggest that the temperature coil in addition 

o filling its primary function of measuring the maximum internal 
temperature of the apparatus can also be made very useful in 
detecting excess losses, particularly those in armature con- 
ductors. Coils placed between the top and bottom armature 
coils in the slot portion give a reasonably accurate measure of the 
maximum internal temperature of the coil; while coils placed at 
the bottom or side of the slot give a lower temperature unless ' 
the tooth loss is comparatively high. The difference in the 
readings of these two temperature coils gives an indication 
(though not an accurate value) of the temperature drop across the 
insulation. As designers have a fairly accurate knowledge of the 
temperature gradient of standard insulating materials with 
known losses, excess losses such as those due to Foucault currents 
will'be promptly indicated by an excess drop across the insula- 
tion. 

Another method of detecting excess losses by means of tern- 
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perature coils is available to designers, namely: The checking 
of the actual rate of initial temperature increase due to normal 
load with the estimated rate of increase. The estimated rate of 
increase will depend upon the average current density and upon 
the amount the thermal capacity of the copper conductor is 
increased by the insulation and other surrounding material. 
This increase in the thermal capacity of the copper conductor 
averages about 100 per cent and thus a current density of 1100 
amperes per sq. in. will give about one-half deg. cent, rise per 
minute instead of the theoretical 1 deg. rise. The rate of tem¬ 
perature increase varies with the square of the current density. 

I would point out particularly, in respect to high-speed ap¬ 
paratus, like turbo-generators, that we have by no means shown 
up all our^ losses when we take the PR for copper losses (from 
known resistance) and core losses, not even when we have added 
to these the known parasitic losses in the copper and the core. 
The windage losses are very important, and that makes compu¬ 
tations of this sort difficult. Our experience indicates that the 
windage loss of two-pole turbo-alternators is approximately 
equal to the core loss and yet we do not consider that excessive. 
The core loss in turn is two to two and one-half times the total 
armature copper loss, so it can readily be seen that the core loss 
and windage play an important part in the losses and heating 
of the machine, much more so in general than the copper losses. 

All of the speakers and the author of the paper have 
pointed out the importance of having sufficient cross-section 
through the air gap to feed the radial ventilating ducts. That is 
particularly important at the present time when we are reaching 
out for greater outputs, sometimes reducing the air gap, and 
constricting actual axial cross-section in other ways. Unless 
care is exercised the machine may easily be too long to have the 
center properly cooled by air fed from the ends through the air 
gap. This limitation however, can be overcome to a certain 
extent in various ways, for example, by leading axial canals from 
the end or pressure chamber axially along outside of the stator 
punchings, directing the air into the ventilating ducts opposite 
the center of the machine, thence through the air gap and out 
through other radial air ducts. This plan has been adopted on 
certain long machines and the general result has been very 
satisfactory. 

H, M. Hobart: I share Prof. Adams’ opinion that the problem 
of ascertaining internal temperatures is one of great difficulty. 

I do not think that by any method now available, we can deter¬ 
mine the internal temperatures of machines with any close 
degree of accuracy. The degree of accuracy to which we can do 
it, unless we go to great expense, is roughly of an order in which 
at least ten per cent error will be involved. It is not a matter of a 
few per cent; it is out of the question to attain to such accuracy 
as that; it is more apt to be a matter of 10 per cent or 20 per cent. 

I want to call attention to the undesirability of pinning too 
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much faith to the results obtained with internal temperature 
detectors. They were quite rightly welcomed a few years ago 
as a valuable addition to our means of informing ourselves about 
the internal temperatures of electrical machinery. I think there 
is a danger of accepting the results obtained by such temperature 
indicators as too much superior to other means of ascertaining 
temperature. Cases will frequently arise where resistance 
measurements will disclose higher temperatures than those 
obtained by internal detectors, and also cases do arise every day 
where the thermometer will give higher temperatures than 
resistance measurements, for instance, in long shallow field 
spools. 

I am of the opinion that one should use all these means to 
become acquainted with the temperature of a generator on the 
occasion of a test, and it is by no means a foregone conclusion 
which method will show the higher result. In one type of 
machine it will generally be a particular one of the three methods, 
in other types of machines it will be another one of the three 
methods, and it is dangerous to reach conclusions without making 
use of all available means. 

My opinion is that the superiority of the embedded detectors, 
as compared with the determination of the temperature by 
resistance, is that the latter is based on the’ assumption that we 
have knowledge of the cold resistance at an exactly known 
temperature. This knowledge is generally not of the exact 
character credited to it. The temperature which should be 
coupled with the cold reading, the temperature the coil has at 
the time of the cold reading, is often quite different from that 
which we assume it to be. The error is apt to be especially great 
in the case of large machines. 

But embedded resistance detectors are calibrated at a defi¬ 
nitely known temperature at which they have a definite resistance. 
They are true thermometers, and they can generally be depended 
upon to be quite reliable. They also have the advantage that we 
can keep track of the temperature through the progress of the 
heat test. These are their chief advantages, rather than that 
they necessarily disclose any greater approximation to the 
hottest-spot temperature attained. 

In Hstening to Prof. Gray’s very clear description of the paper, 
my attention was drawn to his allusion to the dependence of the 
core losses on the frequency. There is some discussion of it in 
the paper. He spoke of the core loss as being more or less 
proportional to the square of the frequency for a given density. 

I should like to call attention to the fact that an analysis of any 
large^ number of machines will show a much closer approxima¬ 
tion if the core loss is taken as the product of the first power of 
the frequency and the first power of the density. 

^ I have often made such studies and have taken the opportu- 
nity on several occasions to draw attention to the results, but the 
old traditions persist. Too much credit is given to the curves 
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laboratory samples, so far as relates to the function 
01 the frequency or density which the core losses show on such 
tests, and we shut our eyes to the fact that it is utterly otherwise 
in the actual machine. 

Cohort A, Adams: I agree with Mr. Hobart on one point, 
namely that the ordinary calculations of core losses carried out 
m the conventional manner are apt to be very wide of the mark, 
ihis IS not due to too much theory but to too little. 

Some of the reasons why our core-loss calculations are wild are 
as lollows: 

(a) We assume a uniform average peripheral density in the 
cor^ back of the slots, 

•' neglect the difference between the alternating flux 

in the back layers and the nearly revolving flux variations in the 
iront layers. In fact we know as yet comparatively little about 
this difference. 

(c) We assume some crudely approximate equivalent average 
value of the flux density in the teeth. 

(d) We neglect the effect of the transverse peripheral or 
leakage flux in the teeth. 

• usually do not attempt to compute the wave losses 

in the pole faces or in the tips of teeth facing teeth. 

(f) We neglect the tooth frequency losses in the teeth. These 
sometiraes extend a short distance into the core back of the teeth. 

neglect the tooth frequency pulsations throughout 
the whole rnagnetic circuit due to pulsations of reluctance as the 
teeth pass the poles or opposing teeth. 

of these high tooth frequency pulsations are accom¬ 
panied by additional losses due to the skin effect in the lamina¬ 
tions. 

(i) Finally there are the commonly recognized uncomputable 
losses due to imperfect insulation between laminations, filing 
burring, etc., also losses in the heavy end plates, supporting 
castings, bolts, etc. ^ 11 ' s 

Of all these, the tooth frequency losses with the extra loss due 
to the skm effect, are probably the largest. 

As an illustration take the first large steam-turbine-driven in¬ 
duction generator tried several years ago at the Interborough 
power station. The slot openings were relatively large and the 
air gap short, and the tooth frequency losses so great that the 
machine overheated at no load, and had to be redesigned in this 
respect. 

The fact is that in our ordinary core-loss calculations we really 
compute only from one-third to one-half of the total core losses 
and apply a factor of ignorance of from two to three (sometimes 
it should be even more). 

In the Electrical Engineering Research Division at the M I 
I., we have had a research assistant struggling with this problem 
tor over two years. In a few years more we hope to have devel¬ 
oped a method which will require a slightly smaller factor of 
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Alexander Gray: When first I started to teach the principles 
of electrical design to students I was tempted to use Mr. Ho¬ 
bart’s formula that 

Iron loss = KX frequency X flux density 

The formula is simple but it happens to be a providential fact 
and not according to fundamental principles that under normal 
operating conditions the value of K is approximately constant 
for machines of different frequency. 

If the law held generally, then the curve of core loss plotted 
against flux density would be a straight line, but the experimen¬ 
tal curve bends over and the loss is more nearly proportional to 
the square of the flux density. 

We teach the student that 

Iron loss = ki f — p 

= kB^piov a standard line of machines 

The actual value may be found from a series of experimental 
curves of iron loss against flux density B for different values of 
frequency /. 

With regard to the paper itself, it has already been pointed out 
that the assumptions made might be considered unreasonable. 
Thus the air velocity past the teeth is not necessarily twice that 
past the iron behind the teeth, nor can we readily divide the iron 
losses into tooth loss and loss in the remainder of the core; the 
stray loss also due to eddy currents in the conductors is hard to 
predetermine. By some designers it is claimed that air blown 
parallel to the laminations is not as effective as is air blown 
across the ends of the laminations, but the experimental data 
on this subject are contradictory. Other tests again have 
indicated that the barrel surface of a core is not as effective as is 
the surface of the cylinder ends. In spite of all this however the 
author is within his rights in making a reasonable set of assump¬ 
tions and by applying a cut and try method on machines on 
which data are available to obtain a set of constants that may 
then be applied in the predetermination of the characteristics of 
another machine of a similar type. Designers are doing just this 
thing every day. I therefore agree with the author that it is 
possible to come much closer to the value of the hot-spot tem¬ 
perature by reasonable assumption and by calculation, than by 
any kind of guess work. 

Hot-spot temperatures is one of the subjects that have been 
thrust upon us. The early Niagara machines had high internal 
temperatures for twenty years before the fact was recognized 
because they were insulated with mica. The trouble became a 
live one about eight years ago when high-speed long-core ma¬ 
chines with cotton insulation began to break down due to 
charring of the insulation in the centre of the core. Methods 
for predetermining the hot-spot temperatures then became 
necessary and one of the most rational is that suggested by the 
author of this paper. / 
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H. M. Hobart: If Prof. Gray will again look up the publica¬ 
tion to which he refers*, he will see that I specifically disclaimed 
t e interpretation he gives. ^ My point is, if we take the working 
density of a 25-cycle machine, and multiply by the periodicity, 
'I'X., 2b, and take the working density of a 50-cycle machine, and 
multiply by the periodicity, i,e,, 50, these products will be 
criteria of the working core loss per pound; thus giving us a 
means, a purely empirical means, of getting at the core losses. 

assert that the core loss is proportional to the product 
t)y the density, but merely wish to point out 
tnat this product provides an empirical means of arriving at the 
core loss It is simply a case where we must resort to empiricism. 
Proi. Adams states that there are fifteen factors affecting the 
core loss and that at present we only understand two or three of 
them. We cannot reasonably expect to obtain the aggregate 
result due to fifteen causes by estimating the result which would 
be occasioned by the two or three understood causes and then 
multiplying by a factor to take into account the 12 or 13 causes 
’vmose laws have not yet been discovered. If by any happy 
CMnce we find two quantities which we can multiply together, 
whose product for a group of one hundred machines is found to be 
a function of the core loss, we ought to be glad to have such a 
useful empirical rule. We should not point to it with any par¬ 
ticular pride, but it is useful in the hard tasks of daily life in mak¬ 
ing machines to do what we want them to do. 

A. M. Gray: If I take a 25-cycle machine, with ten kilowatts 
core loss, and sell it as a 50-cycle machine, do I get 20 kilowatts 
core loss or 40 ? 

H. M. Hobart: It is rare that you can sell a 25-cycle machine 
for a 50-cycle machine and get good results. If with all the data 
available along the best lines, Mr. Gray designs a 25-cycle ma¬ 
chine, using the best approved practise, with regard to working 
density, and multiplies the density by 25, he will find it bears 
^ the same relation, roughly, to the core loss that he will find if he 
designs the best 60-cycle machine he can design when he multi¬ 
plies its density by 60. 

dealing particularly with the density ? 

H. M. Hobart: I am limited to that. 

A. M. Gray: I would point out the difficulty the teachers have. 
If we ask a student to predetermine the core-loss curve, we do 
not care much for the actual curve, but like to get it in the right 
shape. 

H._M. Hobart: I know from experience that the teachers’ 
task IS quite difficult. 

W. F. Dawson: I think possibly there is a misconception in 
reference to this matter of core losses. There certainly is a 
difference between the results achieved with the old style arma- 
ture iron and the modern alloy steel. With the old style iron, 

*See pp. 112 to 118 of Parshall and Hobarts “Electric Mg.chme 
Design" (John Wiley & Sons.) • 
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the eddy-current losses, which increased as the square of the 
frequency, or thereabouts, predominated, whereas with the 
alloy steel the resistance is so high that the eddy-current losses 
are almost negligible at any regularly generated frequencies. 
Recently I was consulting certain curve sheets, and found that 
the core losses for that alloy steel varied as the first power of the 
frequency. I do feel that that would not be the case with the 
old style iron having a resistance, say, of one-quarter or less, 
that of the alloy steels. 

A. M. Gray: Was that a rotating machine or a transformer? 

W. F. Dawson: That was a transformer. 

A. M. Gray: The trouble is that the other thirteen you are 
losing, are all eddy currents. 

W. F. Dawson: That would probably not be so if you have 
large air gaps. 

A. M. Gray: I agree perfectly with respect to transformers, 
but I have not found that the alloy steel makes very much 
difference in not only the shape but the magnitude of the core¬ 
loss curve, in any machine except the turbo-generator. 

Ralph Kelley: Mr. Reist brings out the point that the type of 
ventilation used for a generator, whether radial or axial, must 
be effective in that it cools directly the teeth and the armature 
coils. Thus, where axial vents are used, the vents must be 
placed in the teeth or directly in back of the slots to avoid an 
excessive temperature drop between the .copper and the duct. 
The problem of ventilating a long-core machine evolves itself 
into the problem of forcing a sufficiently large amount of cool air 
to the center of the core to dissipate the losses generated at 
that part of the machine. As stated in the paper, there is a 
certain core length for each type of machine beyond which it is 
impractical to radially ventilate the machine, and axial ventila¬ 
tion must be resorted to for a core length greater than this value. 
The method of calculation given is of service in determining that 
limiting core length, and particularly, for axial ventilated 
machines, is of service in determining the number and position 
of the vents. 

It is true that the generator in test 1 and 3 has larger eddy- 
current losses than the generator in test 5, but allowance for this 
increase was made in the calculation, so that the difference in 
temperature drop across the insulation represents largely the 
difference in heat conductivity between the two types of insu¬ 
lation. The same difference appears in other calculations and 
tests of machines insulated with hand-wrapped and machine- 
wrapped insulation, where it was reasonable to expect that they 
had the same amount of eddy-current loss in the armature 
copper. The present hand-wrapped coil under the best condi¬ 
tion of pressing and impregnation is not as compact a coil as the 
machine-wrapped coil where the wrapper is applied under ten¬ 
sion while subjected to heat. 

In answer to Prof. Adams' question, the velocities in the air 
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ducts were determined by anemometer measurements of the 
air velocity of the air ducts at the back of the core. This meas¬ 
urement is necessarily approximate, and as Prof. Adams points 
out, may be in error, and still give correct results for one machine 
or a group of similar machines when combined with a like error in 
the heat conductivities. However, for a large number of dif¬ 
ferent types of machines, any consistently wrong value of air 
velocity or heat conductivity would not give correct results for 
all the machines. It is important to remember that the air 
velocities are by no means fixed percentages of the peripheral 
speed, and should be varied to suit the different types of ma¬ 
chines and ventilation. 

Mr. Dawson brings out a very good point in his statement 
that temperature detectors, properly placed, are of use in locating 
and approximating excess losses in a generator. There is no 
doubt that the use of temperature detectors, combined with 
proper temperature analysis are useful in locating excessive local 
temperatures caused by the parasitical losses. 

Mr. Hobart is very pessimistic about the possibilities under 
present-day conditions, of even approximating the real inter¬ 
nal temperatures of large a-c. machines. Readings obtained from 
temperature detectors in themselves do not give the actual 
internal temperatures, but when these results are carefully 
combined and analyzed, the true internal temperatures can be 
very closely approximated. 

I do not agree with the statement that it is a matter of every¬ 
day occurrence for the thermometer readings to be higher than 
those obtained by internal temperature detectors. From a 
large number of tests in which temperature measurements were 
made by the three regular methods, in only one machine were 
the thermometer temperatures higher than those measured by 
thermocouple placed between coils in the center of the core. 
This high thermometer temperature was measured on the coil 
ends, and, on investigation, it was found that the coil ends 
received practically no ventilation. Consequently, the loss 
developed in the end coils had to be conducted to the iron, and 
dissipated to the air duct. This heat flow raised the tempera¬ 
ture of the end coils higher than that part of the coil embedded 
in the core. 

In but two or three of the number of machines in which tests 
are available, is the temperature rise by resistance higher than 
that measured by thermocouple. These machines are all 25- 
cycle machines with low temperature rises by thermocouple and 
poor end-coil ventilation, 

I am inclined to criticize Prof. Adams’ discussion and list of 
inaccuracies and omissions in the present manner of calculating 
iron loss as being misleading to the engineer who is not actively 
engaged in design work. That these inaccuracies and omissions 
are real is unquestioned, but, with the exception of the pole-face 
loss, these factors are in the nature of a refinement in the calcu- 
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lation and affect the result by only a small percentage as coni- 
pared with those caused by variations in manufacture. _ Wlien it 
is considered that machines of the same electrical design rarely 
have the same tested core loss, due to manufacturing vaiiations, 
too much weight should not be given to the greater accuiacy to 
be achieved by greater refinements in calculation. The tooth 
pulsation loss, however, is of prime importance, and often 
amounts to comparatively large values in high-speed machinery. 
Further investigation regarding the characteristics ol that loss 
would be of great value to the designing engineer. 
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REACTORS IN HYDROELECTRIC STATIONS 


BY J. ALLEN JOHNSON 


Abstract of Paper 

The advantages and limitations in the use of current limiting 
reactors in hydroelectric stations are not so well recognized or 
understood as they are in steam turbine stations, but it is now 
coming to be realized that their use may be quite as justifiable 
and necessary in the former as in the latter. 

The two beneficial results of reactance, protection and local- 
' ization, are distinct: the former being associated with the square, 
and the latter with the first power of the reactance. 

Of two detrimental results of reactance, or limitations to its 
use, one, that of voltage drop, is well understood but the other, 
the reduction of synchronous stability is not so well understood. 

The installation of reactance usually results in a decrease in the 
stability of synchronism. Such stability may be expressed in 
terms of the angular phase displacement between two groups, 
due to a sudden load disturbance. Practically, complete instabil¬ 
ity or asynchronism occurs in a large station when the phase 
angle exceeds 90 deg. The asynchronizing effect of a sudden 
load change is approximately twice that of a gradual change of 
the same magnitude. 

The origination of a power surge by sudden loss of load and 
the accompanying hunting oscillation is described. Increased 
reactance increases the amplitude of both the power surge and 
the phase-angle oscillation and also increases the period. A 
certain amount of reactance will result in-complete asynchro¬ 
nism immediately following the load disturbance, and a smaller 
amount may cause troublesome and persistent hunting by 
forced harmonic oscillation of the turbine governors in combina¬ 
tion with certain hydraulic conditions, such as long penstocks. 

It is shown that these phenomena form a practical limitation 
to the use of reactance, in that the reactances necessary to create 
the conditions described are of the same magnitude as those often 
indicated for protective and localizing purposes. The actual 
occurrence of a surge is described. 


T he theory and practise regarding the use of current-limit¬ 
ing reactance in steam turbine stations are now fairly well 
established and,the advantages and limitations of reactors are 
well understood. Their use in hydroelectric stations, however, is 
not so general, nor are the limitations imposed by such service 
nearly so well understood as are those of the steam station. 

The reasons for this apparent slowness on the part of the 
large hydroelectric stations to realize the benefits of reactance 
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are that the number of such stations is comparatively few, they 
do not in general lend themselves so readily to reactor protec¬ 
tion, their growth to mammoth proportions has been some¬ 
what slower, and so long as the principal function of reactance 
was believed to be the protection of the generating equipment, 
the necessity for it in the hydroelectric station was not apparent. 

Recently, however, it has been realized that the chief function 



Fig. 1—Protective Effect of Bus Reactance 

Generator reactance—20% 

20 generators in groups of 4 
Bus reactance 4% 

Bus reactance based on rating of one generator 
Fault at any point on bus 

( Xq- \ 

1 — 7-r- I 

{Xq + X2)2 J 

^'0 — resultant reactance of generators alone 
Xi — resultant reactance external to generators 


of reactance is not the protection of the generators but the so- 
called “protection of service” or what the writer prefers 
to call the isolating or localization of disturbances. With 
this new viewpoint it has rapidly become apparent that 
reactance is just as necessary to the hydroelectric stations and 
just as valuable to them as to the steam turbine stations. 

The load of a large hydroelectric station usually divides into 
three groups: 
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First, the existing local industries which adopt electric power 
when it becomes available. 

Second, industries which build up about the power station, 
due to the availability of power at a low price. 

Third, long distance load supplied to cities within transmission 

distance. 

The requirements of each of these three groups, as well as the 
likelihood of their causing interruptions differ materially, making 
it desirable for their mutual benefit that they be operated from 
separate bus sections, with the consequent sacrifice of simplicity. 



2 —Isolation Effect of Feeder Reactance 

All reactance based on same kv-a. rating 


Per cent feeder bus voltage 


Xf 

Xr + 


X 100 


capacity and flexibility which such subdivision always intro¬ 
duces. Without, therefore, pursuing this phase of the matter 
further it is at once evident that the hydroelectric station has 
use for reactance, as by its means the whole station may be 
operated in multiple while at the same time the several sections 
may, be protected from each other and each section from the 
individual lines which it feeds. Troubles may be localized or 
isolated practically where they originate, without eommuni- 
cating their evil effects to other points. ^ • • i j 

The use of reactance is also often required, especially in older 
stations, for the protection of apparatus other than the gener- 
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ators, such as oil switches and wiring which have been outpown 
by the expansion of the plant but which cannot readily be 
strengthened or replaced. 

The protective and localizing functions of reactance are quite 
distinct. The former, since all the evil effects of heavy current, 
mechanical forces, heating, etc.—are proportional to the square of 
the current, is measured in terms involving the square of the total 
reactance; and the latter is measured in terms of the first power 
of the reactance involved. (See Figs. 1, 2 and 3.) 

■ Unfortunarely the installation of reactance gives rise to in- 



Fig. 3—Momentary and Sustained Isolation by Feeder Reactance 

Momentary generator reactance—20% 

Synchronous generator reactance—50% 

Bus reactance—4% 

20 generators in groups of 4 

All reactances based on rating of one generator 


creased voltage drops and phase displacements under load con¬ 
ditions which place a limit upon the amount of reactance that 
can be used. Each installation is in this respect a problem by 
itself. (See Fig. 4.) 

Owing to the different natures of the three load groups above 
referred to, and to the diverse character of the apparatus and 
transmission lines required to supply them, it will usually be 
found that the effective localization of disturbances requires the 
installation of reactance in two locations; in the bus between 
sections and in the individual outgoing feeders. 

In connection with the bus reactances a new litnitation now 
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appears which apparently has not heretofore been recognized, 
due perhaps to its unimportance in the steam turbine station. 
I refer to the decrease in the synchronous stability of the station 
with the installation of reactance in the bus. 

There seems to be a somewhat general impression that the 
addition of reactance increases the synchronous stability. 
Such, however, is by no means necessarily or even usually, the 
case. It is a more or less well known fact, which however can be 
readily demonstrated (See Appendix A) that the synchronizing 
power between two generators is a maximum with reference to 
the circuit constants when xfr = V 3, orx = 1.732 f. 

Now consider the constants of a typical hydraulic turbine- 
driven 25-cycle generator of say 10,000-kv-a. capacity at 12,000 
volts. Its armature resistance, is perhaps 0.1 ohm, whereas its 
reactance, perhaps 20 per cent, would be about 3 ohms per phase. 
That is we have here x — ZOr. Even allowing for the additional 




ran 


Fig. 4—Arrangement to Control Bus Reactance Current 

By means of selector switches on generators, power transfer through bus reactances may 
be limited. 


resistance of connections, it is obvious that the reactance is 
already far beyond the point of maximum synchronizing power, 
and that any addition, either in generator leads or busses, acts 
to reduce rather than to increase the synchronizing power and 
stability. Between stations widely separated by transmission 
lines of considerable resistance this condition may of course be 
reversed. 

Let us now consider a system consisting of generators con¬ 
nected in groups, with bus reactances between, which would 
represent a typical large hydroelectric station. In such a sys¬ 
tem the resistances would be small compared to the reactances, 
and hence will be neglected in the following consideration. (See 
Appendix B). Let us assume this system in full operation, each 
group of generators supplying its own feeders, when there comes 
a sudden complete interruption of the load on one group. For 
convenience let us call this group A and the remainder of the 
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system group B. For simplicity let the power factor of the in¬ 
terrupted load be such that the terminal voltage plus armature 
reactance drop numerically equals terminal voltage. Also 
assume that the turbine gates of group A remain open. It is 
apparent that to determine what happens we must consider the 
transient conditions. 

At the instant of interruption the conditions are as shown in 
Fig. 5. 

Eq is the terminal voltage of group A and —Eq of group B before 
interruption. 

E is the terminal voltage of A at the instant after interruption. 

El = I^Xi is the drop due to load current /q through ATi, 
the internal reactance of group A. The interrupted load is 

Pq = Eq Jo cos 6 



Fig. 5—Vector Diagram of Stability Conditions 


At the .nstant after interruption the terminal voltage of group 
A leads that of group B by angle /? thus producing the voltage 
El which is available to circulate a current through x = + X 2 

+ X 3 the total reactance of groups A and B and the bus, in 
series. The magnitude of this initial circulating current is,— 


Ji = ^ ^ r ooi 

X2 Xz X ^ X 


( 1 ) 


and as it lags 90 degrees behind Ei it is in the same phase po¬ 
sition as Jo and has a component in phase with E and in phase 
oppostion with -Eq. It is synchronizing current, accelerating 
group B and retarding group A . 

The initial synchronizing power flowing from group A to 
group B then is 


Pi = £ Ji cos 0 = £ cos e = Po~ 

X " X 


( 2 ) 
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or the synchronizing power immediately following the interrup- 

tion :*s - of the interrupted load. 

00 

The conditions then are as follows: The interrupted power 
Po is still pouring into the generators of group A from the tur- 

bines. Of this, Pi = Po- is leaving the generators and ac- 

X 

celerating group P, but the remainder P% — Pq— Pi is being 
applied to accelerate group A. As the ratio of the inertia of 
group A to that of group P, is less than that of P 2 to Pi, group, 
A accelerates faster than group P. This results in an increase, 
which we will call 7 , in the phase displacement of group A with 
respect to P and causes an increase in the synchronizing power, 
according to the equation,— 

= gsin(^+7) ( 3 ) 

00 

As pi increases, pi {= Po — pi) decreases but still has a 
positive value until the displacement reaches a point where 
pi = Po- At this point all the power input from the turbines to 
group A is being passed on to group B and the acceleration of 
group A with respect to group B ceases. But the acceleration 
now being zero, the speed with respect to group B is a maximum. 
Prom this point on pi becomes negative, that is, the energy 
stored in the flywheel effect of group A is taken out and passed 
on to group B causing A to retard. Its velocity, however, with 
respect to B being still positive, the phase displacement con¬ 
tinues to increase, with a resultant increase of the synchronizing 
power, pi, which is now supplied from the stored energy of A 
plus the turbine input Po. 

This increase in pi and 7 continues until the speed of group A 
with respect to group B is brought back to zero, that is until 
both groups are again momentarily running at the same speed, 
when 7 is at its maximum value. 

The maximum values reached by pi and 7 are difficult to 
exactly calculate. While a rigid mathematical determination of 
their values might be of academic interest, an approximate 
solution is of more practical value. Attacking the problem 
therefore in a practical way approximate values may be arrived 
at with various degrees of accuracy in the following ways. ■ 
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First, if we assume that the maximum value of pi is the same 
as it would have been, had it been reached by a straight line in¬ 
stead of a sine curve; that is, if pi and (/3 + 7 ) are united by a 
straight line instead of a sine function, we can apply the usual 
law of the suddenly applied force, that maximum deflection is 
twice that due to the same force slowly applied, or maximum 
reactive force twice the suddenly applied force. 

The suddenly applied force here is P 2 , (strictly the torque 
produced by P 2 ) • The maximum reactive force then is 2 P% 
which added to the initial force Pi gives the total resultant force 
(synchronizing power) at maximum deflection. The maximum 
deflection or angular displacement then is approximately 


(jS + 7 ) max. = sin“^ 


P1 + 2P2 
E 2 


X 


vSin“i 


(Pi+2P2)x 


(4) 


Second, if we neglect the slight change in speed so that we can 
put torque proportional to power we can immediately equate the 
work done on group A by the turbine with that done by group 
A on group B during the time that 7 is increasing, as at the 
instant when 7 is a maximum the speeds of the two groups are 
again the same and all the energy put into group A has been 
taken out again. (This is strictly true only if group B be of in¬ 
finite inertia, so that its speed cannot change, but is relatively 
true in any case.) Since the speed is assumed constant we have 
torque P = Pq times a constant K or T - K whence 
Work done on group A is 

We = T ym = KP^y^ (5) 

Work done by group A is 


Wi = 


+ Tm) 

pidy 

/3 

(/3 + 7m) 

kJ -|-sin 0 + 7 ) 

/S 


d 7 


KE^ 

X 


[vers (^ + 7 „) - vers 




X 


[cos ^ - cos (j 8 + 7„) 


( 6 ) 
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Equating 

K 

= = KPo Jm = ^ [cos /3^ cos (/3 + 7 J] 

Jm + COS (jS + 7 J = COS ^ (7) 

The values of Pq, x, E and /3 being known, this equation can 
easily be solved for 7 ^, the maximum value of 7 , by trial and 
error. 

Third, the result can be attained by arithmetic integration, 
which practically must be employed when hydraulic conditions 
enter into the calculations, as in the case where there are long 
penstocks. In an actual case the first method gave (jS + 7 ^) 
= 48.3 deg., the second method 46 deg. and the third 46.05 deg. 
The synchronizing power pi reaches its maximum value when 

(i 8 + 7 ) becomes equal to radians or 90 deg. Therefore if 


(j 8 + 7 ) exceeds the value , pi begins to decrease, the condition 


becomes completely unstable and the two systems will fall out of 
step. It is therefore essential, if this condition is to be avoided, 
that the reactance be so'chosen with reference to the other con- 

TT 

ditions that (/S + 7 ^) shall always be less than radians. 

A mathematical expression for relative stability may be de¬ 
rived in terms of the angular electrical phase displacement of 
two systems when subjected to a certain definite load disturbance. 
Since sudden loss of full load of one group is possible, and may 
be considered the worst possible case, it appears desirable to use 
this condition as the. criterion of stability. For any given case 
the maximum, or 100 per cent, stability will exist with zero exter¬ 
nal reactance; and zero stability, or complete asynchronism will 
occur when the reactance is such that the maximum phase dis¬ 


placement due to sudden loss of full load becomes equal to—^ 

radians or 90 deg. (assuming r negligible compared to x). The 
expression for relative stability then becomes 


Per cent stability = 100 


1 - 
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It remains to be shown that instability of synchronism is a 
practical limitation. As a typical illustration I have assumed 
a plant consisting of 20 units of 10,000 kw. each, connected in 
five groups of four generators each, separated by bus reactances. 
Figs. 6 and 7 show the stability conditions when connected, 
respectively, to a closed ring, an open ring, and a reactance bus, 
expressed in terms of the maximum angle of phase difference 
due to sudden total loss of load of one group. Pig. 8 shows the 



Fig. 6—Maximum Angular Phase Displacement on Sudden Loss of 
Load of One Group 

Generator reactance—20% 

20 generators in groups of 4 
Bus reactance—4% 

Bus reactance based on rating of one generator 
Load power factor 100% 

comparison of protective effect and stability of the reactance 
bus scheme, both expressed in per cent. These curves are cal¬ 
culated according to the first method previously stated, and are 
therefore approximate. They show clearly that the values of 
reactance which will cause instability are about the same as 
those often found desirable for protective purposes. 

Even though the amount of external reactance installed is not 
sufficient to cause complete instability, serious results may, 
nevertheless, result. The period of the oscillation, t, depends 
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upon the moment of inertia of the rotating machinery, the speed 
of rotation and other constants, and for small oscillations is 
given approximately by the formula 


t = 2 TT 


\^/ Wr^SZ 
K gnEJp 


( 8 ) 



Fig. 7—Maximum Possible and Maximum Actual Synchronizing 
Power on Loss of Full Load of One Group 

Generator reactance—20% 

20 generators in groups of 4 

Bus reactance based on rating of one generator 


Where W 

r 

S 

Z 

n 


= weight of revolving parts of generators of one 
group. 

= radius of gyration of generators. 

= speed of rotation in rev. per min. 

= impedance of circuit. 

= number of phases. 
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E = volts per phase to neutral. 
p = number of field poles 

g = acceleration of gravity. 

K = a constant (= 3.5 when W, r and g are in Eng¬ 
lish measure). 

In the specific case under consideration. 



Fig. 8—Comparison of Protective Effect and Stability of Reac¬ 
tance Bus Scheme 

Generator reactance—20% 

20 generators in groups of 4 

All reactance based on capacity of one generator 

Explanation—if reactance exceeds 6.9%, loss of total load on one group will result in 
complete desynchronizing of the group affected 

Per cent protective effect = 100 ( 1 — 7 ——r ) (See Fig. 1 ) 
y {X0+X2P/ 

Per cent stability =100 /I —— 

^ f 

Wr^ = 5,500,000 lbs. ft.^ per generator, or 22,000,000 lbs. 

itJ per group. 

S = 187.5 rev. per min. 

Z = X (since r is negligible compared to x) 

n = B 

E = 6930 (12,000 volts between terminals) 

p = 16. 

K = 3.5. 
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I'he periods of the oscillation for the various values of bus reac¬ 
tance considered are then shown in Pig. 9. The initial values 
are those determined by the instantaneous reactance and the 
final values by the synchronous reactance. From Figs. 6 and 9 
it is seen that the addition of reactance increases both the period 
and the amplitude of the hunting oscillation. Both of these 
effects tend to aggravate the accompanying gate movements, so 
that under suitable cond'tions very considerable turbine gate 



Fig. 9—Period of Hunting Osciuxation 

Generator—12,000-volts—187.5-rev. .per min.—25-cycles—;3-phase 
20 generators in groups of 4—500,000 lbs. ft.2 each! - 
Bus reactance based on rating of one generator 
Generator reactance—momentary 20%—synchronous 50% 


movements mvy result from and accompany the hunting os- 
ci lation. As turbine governors operate on the centrifugal prin¬ 
ciple, the mb^t rapid gate movemeiit 6cctirs%hen the spedd id'kt 
its'maximum departure from normal, which-is at'the instant 
when the phase displacement and synchronizing power are 
passing through their average values, that is, when the angle of 
oscillation, ,7 passing through zero. 

In plants with long penstocks, when the turbine gates move, 
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the first effect is the opposite of that intended. That is, as the 
gates start to close, the sudden retardation of the penstock 
velocity creates additional pressure, which momentarily in¬ 
creases the power delivered to the turbine, thus causing acceler¬ 
ation of the turbine where retardation was intended. 

In the particular case chosen for illustration, the turbines are 
assumed supplied through penstocks 322 feet (98.1 m.) long and 
63 sq. ft. (5.85 sq. m.) in area under an effective net head of 
189 feet (57.6 m.). (These values are chosen for convenience 
in calculation. They are not intended to represent exactly any 
actual case.) 

Assuming an efficiency of 80 per cent the discharge will be 



Fig. 10 —Power and Head During Closing of Water-Wheel Gates 

Time for complete stroke 3 seconds 
Length of penstock—322 feet 
Area of penstock—63 sq. ft. 

Net head—189 ft. 


10,000 X 550 


0.746 X 62.5 X 189 X .80 
second and the penstock velocity will be 


= 782 cubic feet (22.13 cu.m.) per 


782 

63 


= 12.4 feet per second. (3.78 m. per sec.) 


With the governors so adjusted as to make a complete stroke in 
3 seconds, the mean effective increase in head while the gates 
are closing will be 


j, _ i. X K 322 X 12.4 ,, o X . /.o ro ^ 

K - = -3^ x 3 = (12.58 m.) 


g X i 
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The increase in head increases the velocity through the gates 
and the power for each position of the gate is increased above 
what it would be at a constant head. Fig. 10 shows the values 
of head and power for the above case during the first two seconds 
of the closing stroke. These curves show that for 0.77 of a 
second the power is highc' than the initial value, although 



Fig. 11—Power Surges or Hunting Between Water-Wheel Driven 
Generators Due to Reactance 

Pull lines—wheels without penstocks 
Dotted lines—wheels with penstocks 


during this time the gate has closed to 74.3 per cent of its full 
open position. Thus it is seen that the oscillation of the gate, 
a quarter cycle out of phase with the synchronizing power oscilla¬ 
tion serves to supply positive and negative power to the os¬ 
cillating system, just at the proper times to keep it in oscillation. 
If the power supplied in this manner exceeds the losses due to 
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the oscillation, the hunting will increase until the supply and the 
losses become equal Fig. 11 illustrates the conditions graphi¬ 
cally for the above specific case as worked out by arithmetic 
integration, showing clearly the time phase relations between 

the various actions. . _ . 

The addition of reactance, therefore, in such a location that 
it may be encountered by the synchronizing current between 
generators or between groups of generators, produces two le- 
sults as affecting the synchronous stability of the system. First, 
it increases the amplitude of the hunting oscillation. This 
makes it more likely that the two systems will twist out of the 
synchronism on the first quarter cycle of the oscillation. Second, 
it increases the period of the hunting oscillation. The combined 
effect of the increased amplitude and the increased period causes 
a wider range of turbine gate movement. The resulting oscilla¬ 
tion of the gates may cause very appreciable power impulses, in 
time with the hunting oscillation, and in such phase relation 
thereto as to maintain the oscillation indefinitely or possibly to 
increase it to the point where asynchronism finally results. 

In a certain case where there were 16 generators connected in 
groups of four in an open-ring system with 12 per cent reactance 
between groups, papacity of generators about 9000 kw., 12,000 
volts, a surge was started by the sudden rejection from the end 
bus section of a load of about 20,000 kw., and continued until 
the circuit breakers were opened, separating the groups. The 
surging did not confine itself to the section in trouble and the 
immediately adjoining section but was communicated with prac¬ 
tically unreduced violence to all the sections. Wattmeters con¬ 
nected in the bus reactance circuits showed more than full scale 
—12,000 kw.—at each oscillation, and this power surged back 
and forth between generator groups about 60 times a minute 
until the switches were opened. Overload relays in the circuits 
set for one second time limit failed to trip the switches owing to 
the rapid reversals of the surges. These surges were accom¬ 
panied by oscillations of the turbine gates over a range of about 
10 per cent of full stroke. 

The amount of reactance required to create such conditions 
of instability as herein described is of the same order of magni¬ 
tude as that required for protective and localizing purposes. 
Such being the case it follows that no installation of current 
limiting reactance can safely be undertaken, at least in a hydro¬ 
electric plant, without a thorough investigation of the effect of ‘ 
such installation upon the synchronous stability of the station^ 
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APPENDIX A 

Proof That Maximum Synchronizing Power Occurs 

When —' = V 3. 
r 


Let E be the voltage of one generator or group. 

Then -E (a + j b) will be the voltage of the other generator 

(motor) or group, ^ being the tangent of the phase angle be¬ 
tween them. 

The resultant or vector sum of these two voltages Ei, is that 
which causes cuiTent to flow and has the value 

Ei^ E-E{a+jb) = Eil-a-jb) (9) 

The current which flows then is, 


I = 


E(l- a- jb) 
r — j X 


E 


r* -p 


= £(7 +jx) q-a-jb) 

1*2 ^2 

[r (1 — a) -p 6 X -p J { (1 — a) X — r}] 


( 10 ) 


The synchronizing power then is. 


£2 


P. = I [- Eia+j &)] = - lar{l- a) 

+ ab X + b {(1 — a)x—&r}] 


=-^-- \ar — a^r + abx + bx—abx -b^ r] 

^2 ^2 L 

= - ' 2 [ar + bx - r 

r^ + x^ 

but = 1 and b = js/ 1 — 


E2 


[ar + X V 1 ■ 


rj (11) 


Whence P, = 


r2 + 





(13) 
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Different‘ating with respect to x/r and equating to 0, 

X 
r 

0 


dP, 


1 • 9- JL 

2 ^ r 


- 2 


^(f) ^(^ + 0’ 


X 

r 


,+ 


2x 

r 


(•f+ir ’•(^+0’ 


= 0 




= 1 


+ 1 = 2 


+ 1 = 4 


^ = 3 


^ = V 3 (14) 

r 

The writer wishes to acknowledge indebtedness in connection 
with the above to Mr. H. R. Woodrow. 


APPENDIX B 

Effect of Neglecting Resistance of Generators and 

Connections 

The equation for maximum synchronizing power is, 


Ps (max) = — 




(13) 


from which values of (max) can be determined for assumed 
values of x and r 

If we put r = 0 this equation becomes indeterminate. 
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The general equation for 

P. is, 



p = ^ 

« 

(a r + a; V 1 — 

— r) 

(11) 

putting r = 0 





— a^) - 

^ X 

1 

> 

(16) 

differentiating with respect 

to a and equating to 0. 


dP, __ 

m / a \ 

= 0 


d a 

X \V 1 - aV 


whence a — 0 




Substituting in (15) 




Ps (max) = — - 

II 

o 

1 

1—( 

> 

_ 

X 

(16) 


Also since when a = 0 the phase angle = radians or 90 de¬ 
grees it follows that when r is zero the maximum synchronizing 
power occurs at a phase angle of 90 degrees. 

The following table serves to illustrate the compa ratively small 
error in the maximum synchronizing power due to neglecting the 
resistance in a case where there are two groups of four 10,000- 
kv-a. generators of 20 per cent individual reactance, 12,000 
volts, 3 phase, 187.5 rev. per min., for various values of bus 
reactance between the two groups. 


Bus 

Total reactance 

Total 

resis. 

Max. 6yn. 
power resis. 
considered 

Max. syn. 
power res. 
neglected 

Per cent 
ertor 

per cent. 

Per cent 

Ohms 

0 

10 

1.44 

0.042 

97,300 kw. 

100,000 kw. 

2.77 

2 

12 

1.73 

0.048 

81,200 

“ 

83,200 

U 

2.47 

4 

14 

2.02 

0.054 

69,400 


71,300 


2.73 

6 

16 

2.30 

0.060 

61,300 


62,600 

« 

2.12 

8 

IS 

2.59 

0.066 

54,300 

it 

55,600 


2.40 

10 

20 

2.88 

0.072 

48,800 


50,000 ' 


2.46 

12 

22 

3.17 

0.078 

44,400 

a 

45,500 


2.40 

15 

25 

3.60 

0.087 

39,000 


40,000 

« 

2.57 

20 

30 

4.32 

' 

0.102 

32,700 


33,300 

u 

1.84 


It is therefore evident that no appreciable error is made by 
neglecting the resistance in calculating the values for the first 
half cycle of the oscillation. The resistance would of course 
have to be considered in calculating the attenuation during 
subsequent cycles. 
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EFFECT OF CURRENT LIMITING REACTORS ON 
TURBO-GENERATOR SYSTEMS UNDER 
CONDITIONS OF SHORT CIRCUIT 


BY P. B. JUHNKE 


Abstract of Paper 

An account of a cable breakdown near one of the generating 
stations of the Commonwealth Edison Company’s system. ^ The 
breakdown resulted in a second breakdown on same line within 
the station, which prevented the oil switch from automatically 
disconnecting the fault. The system is amply protected by re¬ 
actors for generators and between bus sections. ^ Their effect 
on the stability of synchronous apparatus on sections protected 
by them is very marked. The protection to generating station 
apparatus was complete. Comparison of maximum stresses en¬ 
countered in the short circuit as it occurred with what they 
might have been without reactors present are made, and the con¬ 
clusion is drawn that without them the damage resulting would 
have been considerable and the service interruption far more 
general and serious. 


W HILE current-limiting reactors are by no means of recent 
date, having long passed the experimental stage, com¬ 
paratively little data are available showing in what manner they 
perform their intended functions under conditions of short cir¬ 
cuit on systems protected by them. This paper contains an 
account of a cable breakdown near the generating station, 
which resulted in a second failure on the same line within the 
station, between the current transformer and the automatic oil 
switch, thereby preventing immediate operation of the latter. 
As the system in question is one of the largest in the country, 
amply protected by reactors on the generators and between 
sections of the bus, an analysis of the effect of the short circuit 
on the system might not be without interest. 

Events Before and During Trouble 
The system in question is that of the Commonwealth Edison 
Company. The breakdown in question occurred at the Quarry 
St. station on line No. 223, December 22, 1916, 7:31 p.m. Its 
first indications were the tremendous roar of the generators, 
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the violent swinging of all tie-line and transmission-line ammeters, 
the automatic opening of the switches on the 5000-kw. fre¬ 
quency changer, which tied the 25 and 60-cycle systems, and the 
automatic opening of lines 212, 213, and 226. After a period 
of about 10 to 15 seconds, the automatic opening of line switch 
No. 223 cleared the trouble. 

When the short circuit had cleared itself, about 80,000 kw. 
of system load had been automatically disconnected by the 
operation of the protective devices in the sub-station. This 
resulted in a rise of the system frequency, which caused three 
of the four Quarry generators to trip out on the steam end. 

An investigation revealed the fact that the connector be¬ 
tween oil-switch leads and current transformers on B and 
C phases of line No. 223 as shown in Fig. 1, had burned 
off and that one of the leads had established an arc to 
a ground bus and the other to a bolt embedded in con¬ 
crete. The arc had damaged the relay wiring on B and C phases 
of line No. 223, making these 
two relays inoperative, but leav¬ 
ing A phase relay intact. A test 
on the cable of line No. 223 in¬ 
dicated that the line had burned 
open onB and C phases outside 1-Current Transformer 
of the station, and that A phase onnector 

was grounded. The cable fault was located in the conduit on 
station grounds, about 600 ft. from the oil switch. About 
two feet of the cable was found to have been destroyed. 

When repairs were made it was found that this burnout had 
occurred within a very few feet of the location of a previous 
bum-out on line No. 1222, which was in a diagonally adjacent 
duct. Nothing serious, however, was indicated by the latter 
bum-out. The switch had opened promptly and the cable gave 
no evidence of any unusually severe trouble. 

When repairs on line No. 223 were made and the close prox¬ 
imity between this burn-out and the burn-out on line No. .1222 
was established, it was thought best to dig up the conduit, 
break out the ducts and expose the cables to determine if any 
other cables had been injured. This was impossible at the mo¬ 
ment, as the ground was covered with storage coal, and it was 
several days before the coal could be removed for the purpose. 

On exposing the cable it was found that an adjacent duct wall 
had been broken and that the lead had been burned from one 
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side of line No. 1217 in this same duct. The force of the ex¬ 
plosion had pushed the cable of this line forcibly against one 
side of the duct, so that the exteidor of the cable assumed very 
closely the form of the inside of the tile ducts. This is shown in 
Fig. 4, which is reproduced from a photograph of a section of this 
cable after removal. The external injury to this cable at the 
location of the burn-out is shown in Pig. 5, as it was found eight 
days after the trouble on line No. 223 occurred, during which 
time it had been in continuous operation. This line did not 
break down, but the cable was removed and replaced. 



Fk;. 3—Plan Showing Conduit Location and Points of Burnouts— 
Quarry Station Property 

Analysis of Sequence of Events 
An analysis of the trouble led to the conclusion that the initial 
fault on line No. 223 occurred between B and Cphases in the cable. 
With the lead sheath at the location of the burn-out destroyed 
by the previous burn-out on line No. 1222, this was the most 
likely failure and probably due to moisture penetrating the in¬ 
sulation. 

It is believed that when the fault outside was established, the 
great rush of current, largely due to the nearness of the fault to 
the station bus, caused the joint between the lead from the oil 
switch and the current transformer to break apart on both B 
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and C phases. It is probable that when the arc to ground was 
established, the arc to the short-circuited cable was maintained 
until A phase broke down either to ground or to one of the other 
phases, which caused the A phase relay to open the oil switch 
on line No. 223, thereby clearing the trouble from the bus. 



Fig. 6—Sectional Sketch of Exposed Conduit 


Description of System 

The total capacity of the 25-cycle, 9000-volt system here con¬ 
cerned consisted of 17 generators and a 5000-kw. frequency 
changer of a combined capacity of 251,000 kw., each of the 
generators having, including its external reactance, a total reac¬ 
tance of approximately 8 per cent. The load carried was ap¬ 
proximately 200,000 kw. ' This system, at the time of the trouble 
consisted of four more or less distinct parts, with generating 
capacity and load at time of trouble, as follows: 


station or section 

Generating 

capacity 

Number of 
machines 

Load 

Northwest. 

50,000 kw. 

2 

50,000 kw. 

Pisk A. Section. 

60,000 " 

5 

48,000 " 

Pisk B. Section. 

80,000 “ 

6 

55,000 “ 

Quarry St. 

61,000 " 

5 

49,000 " 


251,000 kw. 

18 

202,000 kw. 


^ Fisk A and B sections are the two parts into which the Pisk 
St. station 25-cycle bus is divided, each of these two sections 
being separately in parallel with Quarry St. over a tie line pro¬ 
tected by a balanced relay, and consisting of three 250,000-cir. 
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mil, three-conductor, 9000-volt cables of an average length of 
2400 ft. In each phase of this tie line is a 20 per cent series 
reactor, this value being based on Y-voltage drop at the rated 
full load of 10,000 kv-a. per line. These three sections are thus 
operated on the open-ring principle. Northwest is connected 
with Pisk section B over four tie lines of a total cross section of 
1,000,000 cir. mils and average length of eight miles, these tie 


1-30,000 Kw. 
1-20,000 Kw. 



Pig. 7—Diagram of System as Operated at Time Trouble Occurred 

lines carrying stations along their route. The relays on these 
tie lines are of the bellows type, with a setting on each line as 
follows: Minute, 9375 kv-a.; 2 seconds, 11,700 kv-a.,andinst., 
14,000 kv-a. Pig. 7 is a diagrammatic representation of the 
system as it existed at the time the trouble occurred. 

At this time the synchronous apparatus supplied by the dif¬ 
ferent sections was as follows: 


Sections 

Apparatus in substations 

Synch, conv. 

Synch, motors 

Northwest. 

9 substations 

20 « 

18 " « 

15 « “ 

2 substations 

3 « 

1 “ " 

1 " 

Fisk A Section. 

Fisk B Section. 

Quarry St. 
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Effect of Short Circuit on System 
At the time the trouble occurred, nearly all the synchronous 
apparatus feeding from Quarry St. lines was automatically dis¬ 
connected, about 70 per cent through operation of a-c. overload 
relays opening oil switches, apparently due to back feed into the 
short circuit; about 28 per cent due to reverse-current or low- 
voltage release relays tripping d-c. circuit breakers. This ratio 
of apparatus disconnected by operation of oil switches to that 
disconnected by operation of d-c. breakers is exceedingly small 
in the stations supplied by either of the Fisk St. sections, while 



Gen. Capacity 


Fig. 8—Diagram of Generator Capacity—Load Carried and Load 
Automatically Disconnected 

none of the apparatus on Northwest lines was disconnected on 
the a-c. side. The only machine which was automatically dis¬ 
connected on the a-c. side on Fisk B section tripped out because 
it was operating in parallel on its d-c. end with a machine twice 
its size, feeding from Quarry St., due to the overload caused by 
the reversal of the latter, on which only the d-c. breakers opened. 
Pig. 8 is a diagram of .generating capacity, load carried, and load 
interrupted wh,en trouble occurred. 

This diagram clearly demonstrates the beneficial effect 
of current-limiting section or bus reactors on the stability 
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of apparatus on the sections protected by them. While very 
nearly 100 per cent of the capacity and load supplied by the 
section on which the trouble occurred was affected, only 36 per 
cent of the load on Fisk section A and 27 per cent on Fisk section 
B was interrupted. Of the total Northwest load only about 6 
per cent was affected. The smallness of this latter figure un¬ 
doubtedly IS due to the considerable amount of tie line resistance 
between Northwest and Fisk section B. The rather considerable 
loss in load on Fisk A and B sections was mostly due to d-c. 
circuit breakers opening in some of the substations supplied by 
A and B sections, which in a large measure was caused by over¬ 
loads from the interruptions to substations which had been sup¬ 
plied by Quarry St. lines. 

Probable Values op Short Circuit 
Calculations to determine the dimensions of the short-circuit 
current and stresses due to them can only be approximate. The 
calculations presented herewith are largely based on test data 
contained in a paper submitted to the Institute in June, 1911, by 
Messrs. Schuchardt and Schweitzer. Certain assumptions, how¬ 
ever, can be made with a fair degree of probability, which will 
at least permit of determining the maximum values of the current 
into the fault. These are: 

1. ^ That the fault in the cable was of negligible resistance 
(variations in the value of this quantity, if same is taken at 0.025 
ohm, do not materially affect the result). 

2. That the behavior of the Quarry St. machines is comparable 
to that of the Fisk St. machine, tests on which were reported in 
the paper by Messrs. Schuchardt and Schweitzer. 

3. That the synchronous apparatus connected to Quarry St. 
at the time the trouble occurred, returned energy at a power 
factor of about 10 per cent for the 230-volt synchronous con¬ 
verters and motors, and 5 per cent for the railway converters. 

Based on these assumptions, the maximum short-circuit 
current is made up of the following components: 

A , Current supplied by the Quarry St. generators. 

B, Current supplied by the Fisk St. generators, over tie lines 
A and B. 

C, Current supplied by synchronous apparatus directly con¬ 
nected to Quarry St. lines. 

This is determined by taking the short-circuit currents of the 
three parts and combining them vectorially. This gives the 
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combined impedance, to which then is added the impedance of 
the faulty line, giving the resultant short-circuit impedance. 

The calculation is carried out in detail for the Quarry St. 
machines as follows : 

Maximum' short circuit between phases on four 14,000-kw. 
turbo-generators = 4 X 900 X 11.9 = 42,840 amperes, at a 
generator open-circuit voltage of 9000 volts. 

Total maximum effective short-circuit current = 49,240 
amperes. 

Generator open-circuit voltage corresponding to excitation 
with load carried before trouble occurred = 10,200 volts. 

Impedance of armature circuit = = 0.206 ohm. 

49,240 

Power factor taken as 7 per cent, which is the probable figure 
given in the paper previously mentioned. 

Resistance of armature circuit = 0.07 X 0.206 = 0.014 ohm. 

Reactance of armature circuit = 0.205 ohm. 

Maximum effective short-circuit current = 45,800 amperes. 

Power factor = 7 per cent. 

In like manner the combined Fisk A and Fisk B section 
current, limited almost entirely by the sectionalizing reactors, 
can be shown to be.. . ...5,800 .amperes. 

Power factor = 2.8 per cent. 

Short-Circuit Current op Synchronous Apparatus 

This calculation assumes approximately 5 X full-load current 
for railway machines and 20 X full-load current for the 230-volt 


converters and the frequency changers. 

Total capacity of railway machines con¬ 
nected to Quarry St. 42,000 kw. 

Total capacity of 230-volt converters and 
frequency changers connected to Quarry 
St. 17,100 “ 

Maximum effective short-circuit current of 
railway machines at power factor 24.7 
per cent. 11,500 amperes. 

Maximum effective short-circuit current of 
230-volt converters and frequency 
changers at power factor 54.5 per cent... 11,800 “ 
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Total maximum effective short-circuit cur¬ 
rent supplied by synchronous apparatus at 


power factor 40.6 per cent. 23,000 amperes 

Total maximum effective short-circuit cur¬ 
rent of Quarry St. generators, Fisk A and 
B Section generators, and synchronous 

apparatus connected to Quarry St. 73,300 “ 

Power factor = 17 per cent. 

Combined armature impedance = . 0.14 ohm. 

“ “ resistance =.0.024 “ 

“ “ reactance =. 0.138 “ 

Impedance of line No. 223 to fault, neglect¬ 
ing resistance of arc =. 0.062 “ 

Resistance of line No. 223 to fault =. 0.06 “ 

Reactance “ “ « « « =. 0.018 “ 

Total resistance of armature and line = .. . 0.084 “ 

“ reactanee “ “ 0.156 “ 

“ impedance" “ “ " = ... 0.176 “ 

Power factor of circuit = 48 per cent. 

Maximum effective short-circuit current into 

fault, added vectorially =. 58,000 amperes 

Maximum effective value of energy in arc 
at a resistance of 0.025 ohm =. 74,100 kw. 


It might be of interest to compare this with the value of 
current that would have obtained under similar conditions had 
the system been without reactors in the generators and between 
sections of the bus. In this event the total short-circuit current, 
computed in same manner as with the reactors in circuit, and 
neglecting transients would have been approximately 106,000 am¬ 
peres, and the power factor 83 per cent. This would have multi¬ 
plied the stresses incidental to the short circuit as it occurred 
by 3.3 and would have given stresses of approximately 800 lbs. 
per foot of parallel conductors below oil switch. Such stresses 
more than likely would have damaged the bus structure, would 
have immensely increased the task of oil switches and made the 
service interruption far more extensive and serious. 

Behavior of Substations. 

While synchronous apparatus in a number of substations was 
automatically disconnected through operation of either the a-c. 
or d-c. relays, the interruptions in the substations so affected 
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were of reraarkably short duration and the recovery was exceed¬ 
ingly rapid. As nearly as can be determined, the service inter¬ 
rupted from substations connected to the section in trouble 
amounted to about 50,000 kw. for five minutes, on one of the 
two sections protected by sectionalizing reactors to about 20,000 
kw. for three minutes, and on the other to about 10,000 kw. for 
two minutes. The behavior of sub-station protective devices 
during the trouble is a subject full of interest, the complete 
analysis of which, however, has not yet been completed. 

Conclusion. 

Considering results in their entirety, the influence of the 
reactors must be pronounced as exceedingly beneficial. Not a 
single piece of generating station apparatus was disabled, as 
was almost invariably the case before the installation of current 
limiting reactors. Even on the section directly affected every¬ 
thing was ready for immediate resumption of service as soon as 
the trouble was cleared. The value of the reactors seems to have 
been happily chosen; no evil results attended the operation of the 
system during and after the trouble; no oil switches failed; and, 
most important of all, comparatively little load was interrupted 
on the sections protected by the sectionalizing reactors. 
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PROTECTION OF TRANSFORMER NEUTRALS AGAINST 
DESTRUCTIVE TRANSIENT DISTURBANCES 


BY MAX H. COLLBOHM 


Abstract of Paper 

The paper points out the danger to which the neutral point 
of transformers, connected to long distance transmission lines, 
are exposed through the building up of excessive potentials at 
this point under conditions of atmospheric lightning. This is 
due to the fact that the neutral point in a bank of Y-connected 
transformers acts as a reflection point for all the waves that are 
produced by induced lightning, which waves, at the place of ori¬ 
gin, have the same amplitude and sign, and, therefore, travel 
with equal speed, considering that the impedance of line and 
transformer is the same for each phase. The three waves meeting 
at the neutral point build up to three times their individual potential 
at that place, thereby producing excessive potential stresses, and, 
according to experience, destruction of bushings and windings. 

The author recommends the installation of lightning arresters 
at the neutral point to provide a discharge path for the excess 
potential, which, according to measurement with a spark gap, 
may reach values of 350,000 volts, and higher. 

It IS a well established practise to protect the low-tension 
I* windings of a transformer through a spark gap, against 
the excessive potentials induced upon it through capacity ef¬ 
fects between high-tension and low-tension windings under 
abnormal voltage conditions on the high-voltage side. There 
also exists, however, a distinct danger to the high-voltage 
side which is not generally recognized and which cannot be 
guarded against by the ordinary types of arresters of Amer¬ 
ican manufacture, such as the electrolytic and multigap 
types, installed in the usual way. This danger is evident from 
the following consideration: 

If during a lightning storm a discharge takes place from a 
cloud above a transmission line, the electrostatic charge, pre¬ 
viously induced by this cloud in equal quantities and like po¬ 
larity on all three wires of a three-phase line, is suddenly set 
free and travels in both directions along the line. Inasmuch as for 
all practical purposes the three wires of the same line offer the 
same impedance, and as this is also true of the main power trans- 
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formers on either end of the line, the speed of propagation of the 
released electrostatic charge, or more correctly that portion of it 
which has not been discharged over the insulators or through cor¬ 
ona, is exactly alike in all three wires. Consequently the neutral 
point of the transformer, if connected in Y, constitutes the reflec¬ 
tion point for all these traveling waves. If the potential of this 
traveling wave after having reached the station is below the value 
for which the arresters have been set it will pass through the trans¬ 
formers, and as the charges from all three wires meet at the 
neutral point they build up to three times their individual 
potential at that place. Although the potential difference to 
ground of each individual charge may be below the safe electro¬ 
static stress of the transformer winding and terminal bushing, 
the combined effect of the triple voltage is likely to produce 
disastrous results. 

The writer was confronted with this condition in the oper¬ 
ation of the Peninsular Power Co’s, system at Iron Mountain, 
Mich., where the 66,000-volt step-down transformers in the 
Iron River substation showed repeatedly momentary arcing 
from the neutral transformer terminals to the case, a distance 
of three feet (0.91m.) In one instance the arc formed between 
the neutral lead under oil and the transformer iron resulting 
in the burning off of said lead. 

In order to provide a discharge path for this dangerous 
potential a multigap arrester will be installed at the neutral 
point and* adjusted to discharge at 42,000 volts. This high- 
voltage setting for the arrester became necessary for the 
reason that the system operates with the transformer 
neutral at the generating station grounded over a metallic re¬ 
sistance to avoid service interruption in case of accidental 
grounds on one of the line wires and which under such con¬ 
ditions, otherwise harmless, would produce a potential dif¬ 
ference of 38,000 volts between transformer neutral and ground. 

A multigap arrester was chosen in place of an electrolytic arres¬ 
ter in order to avoid the inconvenience of providing for the 
necessary special arrangement and constant attendance for 
the regular charging of the latter. 

On account of the urgent need for protection of the sub¬ 
station transformer neutral and the present inability of the 
manufacturers to effect short time deliveries, a makeshift 
arrangement has been used to serve until the multigap ar¬ 
rester IS received. This arrangement consists of two zinc 
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balls 5 in. (127 mm.) in diameter, set 6 in. (152.4 mm.) apart, 
each supported by an iron rod and connected to the neutral 
point and ground, respectively, thus forming a relief gap for 
the transient excess potential. The sphere spark gap was 
chosen on account of its greater sensitiveness under sudden 
impulses as compared with the needle gap. The spheres have 
been made of zinc on account of the arc extinguishing tendency 
of this metal. 

This arrangement has worked very 'well during recent light¬ 
ning storms, when discharges over this spark gap have repeat¬ 
edly been observed. This proves that protection against the 
above-mentioned transient disturbances can be obtained by 
a shunted spark gap. It is of interest to note that the spheres 
were originally set 12 in. (304.8) mm. apart by error and even 
with this wide setting the previously mentioned discharges 
have been observed, indicating the surprising potential dif¬ 
ference of about 350,000 volts between neutral and ground. 

It should be noted that the trouble occurred only on the 
transformer neutral in the substation, while no disturbances 
of this nature were observed in the generating station where the 
metallic ground rheostat between transformer neutral and 
ground served to drain off these transient charges. 

The danger from this source is only present in Y-con- 
nected transformers where the neutral acts as a reflection point. 
If delta connection is used on the high-tension side, the incom¬ 
ing charge divides at each corner of the delta, one-half going 
i nto one transformer and the other half going into the other 
transformer. The middle point of each transformer will in 
this case be the reflection point, but the accumulation of po¬ 
tential at this place will, therefore, not be greater than that of 
the original charge on each line wire at the transformer ter¬ 
minal. This statement, however, must not be taken to dis¬ 
pute the fact that potentials higher than that possessed by 
the orignal charge at the transformer may exist within the 
transformer winding, due to the piling up of potential through 
reactance under high frequency or steep wave fronts. How¬ 
ever, as experience proves that the electrostatic charges 
actually pass through the transformer and build up at the 
ndutral point to destructive potentials, it appears that their 
wave front has become less steep, due to the impedance of 
the transmission line between the point of lightning discharge 
and the transformer station. From this consideration it would 
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seem that lines of greater lengths should be more subject to 
this danger of potential rise at the neutral than those of shorter 
lengths where the impedance may not be great enough to flatten 
out the transient wave front sufficiently to permit of its passing 
through the windings. In this latter case, however, danger is 
present from abnormal potential rises within the transformer 
due to reactance as mentioned before. 

From the foregoing it is evident that protection must be 
provided for the neutral point of transformer banks, espe¬ 
cially on long lines. Additional protection can be obtained 
through the installation of condenser arresters, manufactured 
at present in Europe only, on the line side of the transformer 
leads, as they tend to absorb all transient charges having steep 
wave fronts or high frequency and thereby prevent, or at least 
reduce, the danger from abnormal voltage rises within the 
windings. 
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Discussion on ‘‘Reactors in Hydroelectric Stations” 
(Johnson), “The Effect of Current-Limiting Reactors 
in Steam Turbine Stations Under Short-Circuit Condi¬ 
tions” (Juhnke), “Protection of Transformer Neu¬ 
trals Against Destructive Transient Disturbances” 
(Collbohm), New York, February 14, 1917. 

F. H, Baerstead: Mr. Johnson has brought out the bad effects 
of reactors between groups of generators upon the synchronizing 
power of generators. Mr. Juhnke has shown the advantages of 
having reactors placed between groups of generators. It seems 
to me that generators not protected with reactors will fall out 
of step more readily when the system is short-circuited than if 
the generators were protected. In other words, I mean to point 
out that the most serious effects would obtain in the case where 
there was no protection. Furthermore, the greater the reac¬ 
tance, the less will be the trouble. Therefore, a value of re¬ 
actance sufficient to protect the circuit should be used irrespective 
of its effect upon the synchronizing power of the generator. 

Harry R, Woodrow: Mr. Kierstead mentioned that it would 
do no harm to let the generators fall out of step in cases of short 
circuit. It was my understanding, in reading over Mr. John¬ 
son’s paper that the conditions of stability which were referred 
to were not under short-circuit conditions but were in cases 
where, under normal operating conditions, a heavy load is 
thrown off from a section of the bus. 

Mr. Johnson’s paper shows very clearly the predominating 
importance of reactance coils in giving protection to service 
which factor is also corroborated by the results of actual short- 
circuit conditions presented in the paper of Mr. Juhnke. 

The question of rating the percent reactance, in cases of bus 
reactance coils, is very important as it may lead to some nciis- 
understanding regarding the stability or amount of protection 
obtained. 

At the present tinie there is no standard form of rating the 
percent bus reactance, as in some cases this rating is based on 
the full-load current of one generator, in others on the full-load 
current of the bus section, and in still others on the current 
carrying capacity of the reactance. As an example, in figuring 
this in Mr. Johnson’s paper, the 6 per cent bus reactance (which 
is based on the full-load current of one generator) gives 44 per 
cent reactance when based on the full-load current of the bus 
section, including internal reactance of^ the group of genera¬ 
tors and the bus reactance between sections. 

The question of stability is determined by the amount of 
reactance in the total bus section. In the steam stations the 
unstable conditions do not exist to the same degree as in the 
water power stations, which difference is due to the better govern¬ 
ing conditions of the steam station. This condition is also 
aggravated by the fact that the individual loads are^ usually 
much larger on the water power stations and a dropping of a 
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20,000-kilowatt load is not unusual with these stations whereas 
it would be of, very rare occurrence in the case of the New York 
Edison Company. 

In figuring on the amount of bus reactance desired the ques¬ 
tion of distribution of feeders must also be considered. Although 
this point is not particularly covered in these two papers, it has 
been considered, in considerable detail, in previous papers’before 
the Institute. 

The method of detennining the results given in Mr. Johnson’s 
papers is very unique, in that it gives in concrete form practical 
results. I have checked up the results given in his method 
from an entirely different viewpoint, in which case I used the 
fundamental equation of the alternating-current system and 
found my result to be practically the same as his. 

The results of the short-circuit conditions described by Mr. 
Juhnke as occurring on the system of the Commonwealth Edison 
Company are certainly very interesting and show very clearly 
the benefits derived from the installation of reactance coils I 
would like to inquire if the feeders Nos. 212, 213 and 226 which 
are marked as supplying transmission lines, are tied in with anv 
other station ? 


P. B. Ji^ke: No, they carry independent loads. 

R. Woodrow: Are the ties between Northwest and Fisk 
Street and Quarry Street and the two sections in Fisk Street 
protected by relays, and if so, did these relays operate to sec- 
tionalize these several sections ? 

a-Y‘ they are protected by relays, and they 

did not open. ^ 

H. R. Woodrow: _ Are the tie buses between Fisk and Quarry 
Streets protected with balanced relays on both ends ? 

P. B. Juhnke: On both ends, 

of relay on the 

feeder that was damaged? ^ 

P. B. Juhnke: About 400 amperes minimum, and about 750 
amperes instantaneous. 

J®’ current-transformer leads burned 

oft or were they blown off. uuincu 

P. B. Juhnke: They were actually blown off, and then they 
were burned as a secondary result. ^ 

not 

P. B. Juhnke: Yes. 

H. R._ Woodrow: On the question of the Y-delta tranc- 
formers, it seemed to me that the amount of energy which would 
ImjSn?^ ^ transformer on the surge must he a yery small 
amount. It would seem to me that a second ground of hich 
resistance would take care of any abnormal voltage conditions 

SO through theL 

tansformers on the high-frequency surge would be of small 
magnitude.^ I would like to ask if that phase of the probTem 
had been given consideration, if so what the effect was. 



1917] 


DISCUSSION AT NEW YORK 


141 


A. R. Cheyney: Tlie use of protective reactance has pro¬ 
ceeded carefully and conservatively among American plants of 
large size, and careful presentation of information showing the 
behavior of same in service affords the best possible means for 
keeping engineers within right lines. A break-down^ in insula¬ 
tion which renders inoperative the switching mechanism on the 
feeder or machine in question, or a breakdown between the 
station bus and the automatic protection of the circuit breaker 
is always most carefully guarded against. Nevertheless, as in 
this instance, it is the unexpected that sometimes happens. 

Desired protection of any large inter-connected high-tension 
system is only effected when a breakdown at any point is pre¬ 
vented from seriously interfering with voltage or frequency of 
machinery and apparatus in parts of the system outside of a 
pre-arranged radius. In the ideal protection afforded by re¬ 
actances we would thus have a locality of low voltage existing 
until cut out by automatic protection, and also around this 
locality a region where the voltage is somewhat disturbed 
although perhaps not sufficient to interfere with the operation 
of substation machinery, and still further beyond an area prac¬ 
tically unaffected either as to voltage or as to frequency. Of 
course, with growing loads, and also from hour to hour with the 
load of every station changing very considerably, it is extremely 
difficult to lay out any scheme of reactors which are to be kept 
constantly in circuit that will be equally effective at all times, 
and the case which we are now considering is an instance where 
practically on peak-load conditions, both as to the yearly load and 
the time of day, the protection was most urgently needed. Some 
form of reactance must be provided that can vary with the load. 
In this case, the main part of the reactance is installed in the 
generator leads with the additional protection of heavy reactors 
in the tie lines between Quarry Street station and the two Fisk 
Street stations, A and B. It is also possible to secure this vari¬ 
able degree of reactive protection by installing smaller reactors 
in the individual feeders leading from the generator station: 
Also, as in the present instance, there seems no choice but^ to 
install additional reactors between sections of the main-station 
busbars, subdividing same into two or three sections, as con¬ 
sidered best. In addition to the above segregating function of 
the reactance, it is also and more commonly used to^ protect 
machines, lines and switching apparatus frorn electrical and 
mechanical stresses, which, without this protection might other¬ 
wise be seriously damaged in cases of severe short circuits. 

The present instance would seem almost conclusive evidence 
as to the necessity for installing reactance in the bus bar, if we 
are to prevent the centering of the whole station generating 
capacity at any point along the busbars or connections. In 
order to make this effective, it may be found desirable to reduce 
the reactance in the generator leads, and it must always be borne 
in mind that reactance has a very serious defect of dropping the 
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voltage instead of holding it up, if not installed in the best pos¬ 
sible location and in proper degree. It is obvious that in the 
case of a comparatively large number of feeder reactors, each 
of relatively small size, we have the highest degree of insurance 
against interruption of substation service and at the same time 
under conditions of feeder short circuits outside the station, a 
fair degree of assurance that the trouble will be maintained 
within comparatively narrow limits. 

The remarks on reactors in a generating station apply in a 
lesser degree to the substations and especially so if these are of 
large size. In the case noted by the author, where there are fed 
irorn the Quarry Street station some 16 substations, practically 
^ or\ ^y^^^tironous-converter type and of an average capacity 
of 3000 kw. per substation, protection in the form of reactance 
would be unnecessary. It is to be noted that the reactors on 
r tie lines between Quarry Street and Fisk Street so well 

ulnlled their mission that the trouble was practically confined to 
yuairy Street and its substations. Sufficient evidence that the 
^orthwest station was unaffected is shown by the fact that the 
tie lines from Fisk Street, with a setting of only 14,000 kv-a. 
instantaneous were not opened during the trouble. There would 
seem to be, however, a chance of looking at these tie lines in 
anc^ner h^t, and by setting their breakers for very heavy over- 
oads and by reducing the amount of reactance in same to allow 
01 one station assisting another by a much larger extent than 
was here possible without disturbing the load carried by the 
station unaffected by the short circuit. We would naturally 
suppose that with busbar reactors and the addition of feeder 
reactors, and the possibility of interchange of power in greater 

fn w! I failure, it would have been possible 

o have held up the voltage sufficiently to have avoided throwing 
off on reversal so many of the a-c. feeders from Quarry Street 
®}^^®fation ends. This, however, is but a surmised 

serviS to^ h«,rr“® literature of central station 

service po have the author at a later date give more details as 

a^maries also as to performance of station 

uxilianes at Quarry station, particularly those motor driven 
Also, in view of the fact that the technical Ss has recS 
brought to our attention the fact that the Boston EdTson cfrn 
pany is being criticised before the Massachusetts Sate cSn- 

storaSTaTteiTn the 

battery was a very important part of the Edison system 
As to the actual physical damage done by the short circuit to 
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cables and transformer terminals, considering the time involved, 
we should have expected more evidence of destructive power oi 
the arc, judging from experience with smaller generating ca¬ 
pacities involved where practically as great cable damage has 

been effected. . , . , a 

One other point is brought to mind by the author s paper and 
that is the delay involved at times in restoring service when the 
throttle valves on the turbines trip as was here instanced, when 
three of the four machines at Quarry Street had the steam 
supply shut off on account of overspeed. It has been tr^ 
writer’s experience that with certain classes of turbines at least, 
it becomes necessary to wait until the turbine speed is reduced 
by load or otherwise to slightly below normal before these throttle 
valves could be opened again. In view of the extremely short 
length of time, from two to five minutes, before full service was 
restored, it will be of assistance to know more in detail as_ to 
how this matter was handled. The shortness of the mtermption 
is indeed sufficient testimony of the excellent organization and 
training of the Chicago operating force. 

Louis F. Blume: Mr. Collbohm’s paper, with reference to the 
phenomenon observed in the discharge of the neutral of a _Y- 
connected transformer bank to ground, as the result of lightning 
disturbance, is interesting because the phenomenon as reported 
in the paper is quite unusual. Breakdown through high-voltage 
windings to ground in transformers which are msulated in ac¬ 
cordance with the Standardization Rules of the A. I. k. k., 
that is an insulation equal to twice the normal, plus 1000, has 

been extremely rare. _ oc 

The simplest and surest protection from such voltages as the 
author indicates, is to ground the neutral point; the next best 
method, perhaps, is to insert an arrester between neutral and 

have been unable to follow the author’s reasoning in his 
explanation of the phenomenon observed, by whmh he concffides 
that the voltages which can be derived in the Y neutral, when 
the neutral is isolated, are considerably larger than can be 
derived in an isolated-delta bank of transformers, 
believe the reasons given are at all conclusive; as an CQ'aa Y 
plausible line of reasoning can be given which, although also 
not conclusive, would indicate that the stresses may be derived 
by steep wave fronts in the interior of delta windings, equally 
as great as the voltages derived at the Y neutral. Suppose for 
example, a traveling rectangular wave on a transmission Ime 
enterLr impinges upon the terminals of a transformer winding 
connected in a Y bank, and assume that the-surge impedan(^ of 
the transformer bank is very much higher than the surge ' 

ance of the transmission line. It would naturally be expec 
that the wave at the very beginmng .of the transformer 
would be reflected, and that the maximum voltage that could 
possibly be generated at the transformer terminal would be 
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twice the voltage of the incoming wave. The majority of the 
energy would be returned to the line, and only a fraction would 
enter the transformer. Assuming that a fraction of the wave at 
twice the potential of the incoming wave enters the transformer 
winding, at a very much reduced velocity, it is possible to im¬ 
agine, that wave would travel through and reach the neutral 
point. Reflection at the neutral point will then take place just 
as at the ppen end of a line, causing a second doubling of the 
voltage, and therefore, four times the voltage of the original 
impinging wave. 

On "^e other hand in a delta-delta transformer bank, assuming 
that the surge impedance is comparatively high, the wave di¬ 
viding between the two transformer banks will have no effect 
on the potential of the wave which enters the winding; and the 
middle of each phase acting in the same manner the neutral 
raised to four times the voltage of the original wave, 
ihe actual phenomenon of a rectangular wave entering a 
transformer winding, is much more complicated than has been 
described, since a wave on entering a transformer winding is 
wry much distorted, and whether it is capable of arriving at 
the neutral point, and building up high voltages, as explained 
above, is by no means certain. 

^ to see that Mr. Johnson states 

very dehnitely that the maximum synchronizing power results 
for a reactance which has some definite value, because I have 
been repeatedly confronted with the argument which he says 
IS a general understanding, that the more you increase the re- 
acta-nce, the more stability you will have. Of course, that is 
obviously absurd for, if you carry the reactance to very hi?h 
later you reach such high voltage that the system 
voltage would get about one ampere through it. Nevertheless 
almost invariably the suggestion is made to put in more reactance’ 
if there is any trouble with parallel operation. ’ 

oscillation of the system, it seems to me here 
we are getting back to the old troubles that for a time we have 
almost forgotten, that is the question of parallel operation of 
reciprocating engines where governors, natural periods, and such 
things frequently give considerable trouble. One of the common 
a dashpot on the governor, which would 
things down and prevent this building up. I 
ould like to ask, in the case of this waterwheel trouble whether 
any such remedy was considered or applied. ’ 

ow ^ understand it, the trouble in the case of the fault in the 
cable descnbed by Mr Juhnke was probably due to heavy cur 
rent, combined with the mechanical stress. The leads Jt tpA 
cuirent transformers broke, and immediately broke the sTcondSj 
leads, which accounted for the failure of the switches 
and for a period of some fifteen seconds thl short-circfot Snt 
was flowing until the arc had spread to the third pha^kdThen 
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the switch dropped. I want to ask what difference was found on 
the cable between the station and the fault, and also on reactors 
and other devices. In the case of a current, in round figures, 
of .50,000 amperes, taking this cable at 250,000 cir. mils, and 
assuming a normal load current of 250 amperes, the 50,000 
amperes is 200 times normal, and the heating effect in the cable 
would be 40,000 times the normal. It would seem doubtful 
that you could generate heat in a cable at 40 times the normal 
rating for fifteen seconds, without charring it up pretty well 
throughout its whole length. 

With reference to Mr. Collbohm’s paper Mr. Blume has 
already questioned the explanation, and that is about as far as 
I can go, as I have no better reason than he has for doubting the 
fact that 300,000 volts may have been observed in this 
particular case, but I do object decidedly to the line of expla¬ 
nation which is offered. There is no good reason for calling 
the neutral point of that transformer, the reflection point. ^ The 
reflections occur at discontinuities. The biggest discontinuity 
that is encountered in that system is between the line and the 
terminal of the transformer, and that is probably the natural 
point for the voltage to pull up. It also seems to me that the 
reason whereby three conductors connected in parallel coming 
to a point would give three times the charge, and three times 
the voltage, is not a sound physical basis. I think a little 
parallel case will make this obvious. 

Suppose we have four banks of Y-connected transformers, each 
on a different line. Now, the neutrals might be tied together. 
Are we going to have twelve times the voltage at that neutral 
point in that case? We might have any number we choose, 
up to several dozen conductors, meeting at one point, and just 
because we make the circuits multiple we would expect the 
figures to go up in to the millions. The notion that there is 
a charge on a point is quite beyond me. 

R. F. Schuchardt: Mr, Taylor has just mentioned conditions 
which could be corrected by “more reactance^’. This may lead 
to the conclusion that we have gone reactance mad, but Mr. 
Juhnke’s paper clearly shows that this is not the case and Mr. 
Johnson also recognizes that certain limitations must be kept in 
mind. We must remember that reactors are only a part of the 
total protective scheme—a very important part, it is true, but 
not the entire scheme. Protective relays, capacity of oil switches, 
strength of windings, etc., must all be taken into consideration 
in determining the amount of reactance to be installed in various 
parts of the system. 

Mr. Cheney suggested that feeder reactors might be of more 
use than the generator or busbar reactors. Such feeder reactors 
are doubtless desirable in many cases but their installation in 
existing stations is usually an exceedingly difficult matter because 
of structural difficulties, while it is usually much easier to find 
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the necessary space for generator and for busbar reactors. 
Furthermore the Chicago experience indicated that what was 
needed most were generator reactors and bus sectionalizing 
reactors. 


Referring to the breakdown described in Mr. Juhnke’s paper, 
we find that the evidence left after the trouble does not com¬ 
pletely indicate the exact happenings. Mr. Taylor touched on 
a point which we could not definitely determine; that is, how 
long the current actually flowed through the cable into the 
fault. This may have been anything from one second to ten or 
fifteen seconds. The failure at the current transformers con¬ 
sisted in the shearing of the upper connector, first in the outer 
or C phase and immediately thereafter in the B phase. The 
amount of material actually burned off at the break is probably 
less than one-half inch in each case. The photographs are mis¬ 
leading on this point since the conductor was bent forward 
when the picture was taken and gives the appearance of some 
six to ten inches actually burned off. This break being on the 
switch side of the current transformers, of course prevented 
further excess current flowing through the relays on these two 
phases. The .4-phase relay may have chattered, as these relays 
have occasionally done in the past on very heavy current, and 
thus had its action delayed, or the current in this phase may not 
have risen to the amount of the relay setting for several seconds. 
The evidence, as I said, is not clear, but we do know—and this 
is the important thing—that in this occurrence, of a kind which 
probably happens only once in a thousand times, the reactors 
which were installed for protection furnished the protection that 
was expected of them. 


H, R, Summerhayes : In Mr. Johnson’s paper he takes as 
the standard for stability the condition when there is no external 
reantance in circuit, that is, he simply has his generator reactance, 
aim calls that 100 per cent stability and then compares that as 
a basis with conditions when certain percentages of bus reactance 
are introduced. Comparing it in that way leads to the con¬ 
clusion that the bus reactances make very considerable difference 
in the amplitude of oscillation. It would seem to be fairer to 
take the condition which is demonstrated in the appendix x = r Vs 
as the maximum synchronizing power—take that as the 100 
per cent and then compare the actual condition of the gener¬ 
ators in parallel without any reactance, except the generator 
reactance. That would be some other percentage. Then the 
condition of the bus reactances would be still another per¬ 
centage. That, It would seem to me, would be a fairer comparison 
and would show that the bus reactances do not increase the 
period by such a great percentage asds apparent from the curves 
It would appear to me that the cure for the trouble would be 
S ''' decreasing the percentage 
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C. A. Adams: I think that Mr. Taylor’s difficulty is due to 
the difference between ''synchronizing power'\ and the "process 
of synchronizing''. 

The synchronizing power of two machines may be defined 
as the restoring torque or power, due to a given small angle of 
displacement of their rotors from the position of equilibrium. 
It may be thought of as the stiffness of the electromagnetic 
coupling between the two machines. For small resistances in 
circuit and for moderate angles of displacement, the synchro¬ 
nizing power is approximately proportional to the reciprocal of 
the total equivalent reactance in circuit. But the greater this 
stiffness of coupling, (that is the lower the reactance), the 
greater the accuracy that must be employed when synchronizing, 
in order to avoid excessive circulating power between the two 
machines and the consequent stresses and surges. Thus a high 
synchronizing power may mean difficult synchronizing. Hence 
extra reactance is sometimes desirable during the process of 
synchronizing. 

J. Allen Johnson: Mr. Woodrow was quite correct in that 
my arguments regarding instability refer to sudden changes of 
load rather than to short circuits. Sudden large changes of 
load are much more apt to occur in hydroelectric plants, where 
the feeders are usually few and of relatively large capacity, than 
they are in steam stations, where there are many feeders of small 
capacity. 

It is interesting to know that Mr. Woodrow has confirmed my 
results by a different and more purely mathematical method. 
In my analysis of the problem I tried to stick as closely as 
possible to the fundamental principles of physics without going 
deeply into electrical mathematics, in the belief that the 
resulting formulas would be more generally comprehensible and 
useful. The results are not held to be final, as the process is 
complicated by the damping arrangements which the generators 
may have and by the changes which take place in their effective 
reactance. It is to be hoped that more light may be thrown on 
these matters. The point which I wished especially to bring 
out is that here is a limitation, a practical limitation, in the use 
of current-limiting reactance which has not been sufficiently 
recognized and which cannot safely be overlooked. 

I was also very glad to have Mr. Woodrow bring out the im¬ 
portance of the feeder reactance and emphasize the fact that the 
benefit derived from feeder reactance in isolating disturbances is 
closely dependent upon the amount of generator and bus re¬ 
actance, the greater the value of the latter the less being the 
benefit obtained from a given value of feeder reactance. This 
points to the advantage of concentrating as much of the total 
reactance as possible in the feeders. 

In regard to Mr. Summerhayes’ suggestion as to the use of a 
value of reactance equal to the square root of three, times the 
resistance, which gives the maximum synchronizing power, as 
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the standard or representing 100 per cent stability, I would say 
that in a general consideration that would perhaps be desirable 
but in a specific practical case the engineer is confronted by a 
certain amount of reactance in his generators which he cannot 
change, and what he really wants to know is how far he will be 
going in the direction of complete instability by putting in ex¬ 
ternal reactance. For this reason it seems to me preferable to 
base the expression for stability on the existing inherent reactance. 

Regarding Mr. Summerhayes’ suggestion as to correcting the 
hunting tendency at the turbine governors—that is a matter 
that has been given some consideration and it might perhaps 
be done by using inertia governors in hydraulic plants instead 
of centrifugal governors,^ which would change the phase relation 
of the turbine-gate oscillation with reference to the hunting 
oscillation, with probably beneficial results. 

P. B. Juhnke: Concerning Mr. Cheney’s inquiry in regard to 
the amount of battery capacity floating on the system at the 
time of the trouble, I wish to state that this amounted to 23,000 
kw.^ In the substations feeding directly from the Quarry St. 
station the floating battery capacity totaled only about 9000 
During the period the short circuit existed, the entire 
. undoubtedly came into play in varying degrees 

in the different substations, due to the general drop in generating: 
station pressure. o & 

Mr. Blume mentioned the operation of the generator emer- 
gency valves and pointed out delays that possiHy might result 
theretrom. I wish to say that the only operation necessary to 
again make these machines operative was to raise and block 
mese valves, an operation requiring about 10 or 15 seconds, the 
machines having remained connected to the bus on the generator 


statpH^-w fv • of substation apparatus, I 

!tudv 1 considerable 

wprp a Fy® circuit breakers functioned as they 

their SsifnSf ° “ay be raised as to whethe^ 

tbeir designed functions are absolutely the most desirable. The 

of abour^S^Sf instantaneous setting 

Edisor99f,?nn ?! oil switches on the 

tiS rf 220 converters have a three-point set- 

of fi,n ®®at and 440 per cent respectively 

terms'of me^“e7ective“^^^^^^^ 

ne?of vSih'Mr''Trf mentioned here, the correct- 

n) longer penod than one or two cycles, for during this 
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interval the break of the terminals with the swinging away of the 
oil switch leads is presumed to have taken place. This, in turn, 
introduced considerable resistance in the circuit to the fault, 
thereby alone very materially reducing the maximum value. 
The resulting drop in bus voltage also would have had its effect, 
so that the maintained short-circuit current could have been but 
a mere fractional part of the maximum initial value. Moreover, 
the current to ground established by the swinging of the two 
broken switch leads to ground constituted a path parallel to the 
faulty cable, the characteristics of which, however, are beyond 
calculation. This, I believe, answers the principal questions 
which have been raised in the discussion. 

V, Karapetoff (communicated after adjournment). The 
theory given in the appendices to Mr. Johnsons’ paper can be 
considerably simplified by using trigonometric expressions for 
power and impedance. The matter is worth mentioning because 
in technical literature one finds rather frequently mathematical 
discussions that are unnecessarily involved, because algebraic ex¬ 
pressions are used in place of trigonometric. Referring to Fig. 



1, let El and E 2 be the equal voltages of the two alternators 
displaced by an angle 5. The difference of these voltages, pro¬ 
duces a circulating current Jc. This current lags behind Ec by 
an angle (t> such that tan cj) = xjr. From the geometry of 
the figure, Ec = 2E sin^5, where E is the absolute value of Ei 
or £ 2 - The current Ic — Edz where s is the impedance of the 
circuit. Therefore, Mr. Johnson’s expression for synchronizing 
power in Appendix A, becomes 

P, = Ic cos (90 + — 5 - <^) 

= sin -t 5 sin (<^ —t s) z (17) 

Replacing in this expression the product of the sines by a sum,' 
and writing r/cos in place of z, we get 

P, = (P^/r) [cos {d — <t>) - cos (j)] cos 0 


( 18 ) 
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which corresponds to Mr. Johnson’s equation (11) with the 
minus sign omitted. 

With given r and .r, angle 4> is constant, and the expression 
in the brackets becomes a maximum when cos (5 ~ </>) = 1, that 
is, when 

S = (t> (19) 

This corresponds to equation (12) in the paper. It will be 
^en from the diagram that in this case Ic is in phase with 
Thus, 

Pa (max) = {E^/r) (1 — cos 0) cos 0 (19) 

Let now r be given, but ^ or 0 be variable. Expression (19) 
DGComss a niaximuni when (1 — cos <^) = cos 0, or 


cos 0 = 0.5 (20) 

This is according to the well-known theorem that when the 
of two variables is constant, their product is a maximum 
J' j variables are equal to each other. Sometimes this is 
saying that of all rectangles having the same 
greatest area. The same result is 
ffqf to_ zero the first derivative of expression 

ixyj. Ihus, from equation (20) we get 


tan 0 = x/f- = sin 0/cos0 = (Vl - 0.5^)/0.5 = VJ (21) 
which agrees with result (14) in the paper, 
be writTen Tn'^thl fo?m (19) ^an 


P. (max) = (£Vx) (1 - cos 0) sin 0 
If r = 0, 0 = 90°, and equation (22) becomes 

(max) = £7x 


( 22 ) 


(23) 


by its complementa?ranif ' ®®"^enient to replace 0 


^ = 90 deg — 0 
so that equation (22) becomes 

P, (max) = (Es/x) (i - gin y) cos ^ 


P'/x ^cos ~ sin 2 ) 


(24) 


( 26 ) 




mg, ^-0. Porexample,if ^ = 3 deg..cos^- i sin 2 

2 
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= 0.99863 — 0.05226 = 0.94637; the error amounts to about 
5.4 per cent. 

A. L. Harrington (communicated after adjournment): I am 
acquainted with a certain 60,000-volt bank of transformers, 
whose connections agree closely with those mentioned by Mr. 
Collbohm, but on which very diferent results have been observed. 

These transformers are 60,000-volt Y connected with un¬ 
grounded neutral and part of the year they transmit power from 
a small hydroelectric plant and the remainder of the year, during 
the low-water season, they act entirely as substation trans¬ 
formers, and thus agree with Mr. Collbohm’s condition. These 
transformers are tapped to a line which extends 35 miles to the 
south, the line being provided with but a small amount of over¬ 
head ground wire, and 25 miles to the north provided with a 
ground wire. At this point the line runs east about 60 miles 
with ground wire and northwest 75 miles with ground wire. 
There is also about 10 miles of line going directly west from the 
station. Mr. Collbohm does not state the length of his trans¬ 
mission line so we are unable to compare closely. 

These transformers are provided with choke coils and with 
electrolytic arresters. They have been operating about eight 
years, the first three being at 33,000 volts, delta connected, and 
the balance of the time 60,000 volts, Y. 

The clearance of the neutral bus to ground is the height of 
the insulator and from 15 to 16 in. 

While very severe lightning occurs in this territory, no arcs 
from neutral bus to ground or other disturbances that Mr. 
Collbohm mentioned have ever been noticed. 

M. H. Collbohm: Mr. Woodrow’s suggestion of using a 
rheostat of high resistance is impracticable, and perhaps even 
dangerous. If built of a permanently reliable design, its cost 
would be ten to twenty times as high as that of a multi-gap 
arrester. Its high resistance might cause an excessive voltage 
drop under heavy charges, thereby unduly raising the neutral 
potential and defeating its purpose. It will, furthermore, per¬ 
mit a triple harmonic exciting current to flow over the ground 
connection, which might produce disturbances in the telephone 
lines. 

Mr. Blume is in error in stating that an electrostatic charge 
meeting the inductance of a transformer is not o’nly reflected 
back with double amplitude, but also sets up a wave of double 
amplitude going through the transformer to the neutral point. 
The doubling up of the wave crest in the reflected wave is con¬ 
ditional upon a complete reflection permitting no charge what¬ 
ever to pass through the transformer to the neutral. If the 
reflection should be incomplete, the reflected wave will not have 
double amplitude. The wave passing through the transformer 
would, therefore, have a reduced amplitude, the more so the 
nearer the reflected wave approaches double amplitude. A wave 
with double amplitude passing through the transformer would, 
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therefore, seem to be impossible. Again, the arrival of the wave 
ii6u.tral would not double its'amplitude for the reason that 
j. ® nsiitral is not a free end, but the three waves from the three 
different phases meeting at the neutral will superimpose and 
build up to three times their individual amplitude. Mr. Blume 
IS also in error in stating that an electrostatic charge traveling 
along a single wire will maintain its amplitude after being split 
up into two charges, each entering a different circuit, as is the 
case in delta, connected transformer relative to an electrostatic 
charge entering over the line. In such a case the amplitude of 
the original charge will be reduced to one-half for each of the 
wo serrate charges in the two branch circuits. In case of 
otal reflection through the inductance of the transformer, these 
two waves will each build up to the original amplitude of the 
charge in the line, in which case no charge will flow through the 
riansfomier For the same reason as stated above in else of 

amplitude seems 

possible to flow through delta-connected transformers, This, in 

the writer’s argument that 
transformers are not subject to triple-potential 
stresses through superimposed electrostatic charges entering over 
the lines as in the case of Y-connected transformers 
Relative to the points raised by Mr. Taylor, it may not be 
^ correct to call the neutral point a reflection point, however 
this name was chosen for lack of a better one available that 
would be suggestive of potential, accumulation through the cfTcrt 
Ta5orSbt7fh^®fsuperimposing at that place. Mr. 
chames trave L nle independent electrostatic 

tantial possessed by the individ Jl I’"' 

a 26,000-volt and a 33 000 vnU r system operating 

and conneSL to sf * fa route • 

has been punctured six times dm-incr r 'n<. auto transformer 

time the puncture occurred It the neul'af SS’"’ TT 
sistent puncture at the nen+rai ror,- + | point. This per- 

stantial evidence in support of the wriS^nTention.'^’^' 
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CORONA AND RECTIFICATION IN HYDROGEN 


by J. . W. DAVIS AND C. S. BREESE 


Abstract of Paper 

The results of an investigation of the corona discharge between 
co-axial cylinders in an atmosphere of hydrogen are given in 
this paper. 

Both direct_ and alternating electromotive forces were used. 

The characteristic behavior of the corona is given by means of 
curves, photographs and oscillograms. 

The corona discharge in hydrogen was found to differ from 
that in air in the following particulars: 

The discharge froni a negative wire was found to differ widely 
from a positive wire in the magnitude of the voltage necessary to 
start the discharge in the shape of the volt-ampere characteristic 
and also in the stability of the discharge. 

Corona in hydrogen between concentric cylinders is shown to 
be a practicable method for rectifying high potential alternating 
cui’rents. 

The apparent evidence of ionization, potential gradients at 
the surface of the tube and the general character of the visual 
phenornena are discussed. 

A brief statement of conclusions is given. 

AV/HEN a sufficiently high potential difference is impressed 
▼ ^ between two parallel wires, or a wire and concentric 
cylinder, separated by air or some other gas, this gas which for 
low potential gradients is a very good insulator breaks down and 
becomes a partial conductor. The phenomena connected with 
this character of conduction through gases are known collect¬ 
ively by the name corona. The failure of the gaseous dielectric 
separating the metallic conductors is made evident by a flow of 
current from one conductor to the other, by a power loss and, in 
practically all cases, by the appearance of light at either one or 
both conductor surfaces. In some cases light appears in the 
intervening space. 

Since the present theories as to the mechanism of corona form¬ 
ation do not satisfactorily account for all of the observed 
phenomena it was decided to carry out further investigations 
in the hope that when enough data were accumulated some theory 
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based on fundamental principles and explaining the observed 
phenomena might be evolved. With this purpose in mind it 
was attempted to simplify the conditions of corona formation 
A wire and concentric cylinder were used in order to make the 
field radial and to get away from the secondary effects due to the 
high intensity electric field surrounding a second wire. Hydro¬ 
gen was used as the dielectric in order to minimize the effects 
due^ to changes in the chemical constitution of the gas. When 
air is used as the dielectric the formation of ozone may produce 
marked changes in the voltage necessary for corona formation. 
Continuous potential was used in order to separate the effects 
accompanying a discharge from a positive wire to a negative 
tube from those which are characteristic of the discharge from a 
negative wire to a positive tube. 



Fig. 1 Diagram of Connections 


APPARATUS 

“atinuous voltage used in these investigations was ob¬ 
tained by means of a battery of forty 500-volt 250-watt contin¬ 
uous-current shunt-wound generators connected in series 

each and one set of twenty machines, each set being driven by a 
belt-connected continuous-current shunt motor. The gLeL- 

rSe insulating bases and the shafts of the sepa¬ 

rate machines are connected by insulating couplings In the 

ZlSv c*"' --hine 

volte insulation to the 

rage generated in one armature. 
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The field of each machine is connected directly across the 
armature terminals, a single-pole knife switch being included in 
the circuit in order that the machine may either be made to 
generate or to run idle at will. These switches were operated by 
means of a hard rubber rod approximately eighteen inches in 
length, since they may be 20,000 volts above earth potential. 
The generators were run somewhat below rated speed in order 
to limit, to a safe value, the voltage generated with no external 
resistance in the field circuit. 

The diagrams of connections for the direct-current and alter¬ 
nating-current tests -are given in Fig. 1 and Fig. 2 respectively. 
These are self-explanatory. 

Instruments. Voltages were- measured with a vertical type 



Fig. 2.—Connection Diagram for Half-Wave Rectification 

Kelvin electrostatic voltmeter having ranges of 20,000, 10,000 
and 5000 volts and a Kohl electrostatic voltmeter having a range 
of 3500 volts. These instruments were calibrated from time to 
time by means of an attracted disk electrometer.* The maxi¬ 
mum error in these voltage measurements for a given voltmeter 
scale reading was less than two per cent. The probable error is 
less than one per cent. 

Currents were measured by means of a d’Arsonval galvano¬ 
meter and Ayrton universal shunt. These were calibrated as a 
unit by connecting them in series with a high resistance and a 
dry cell, the voltage of which has been accurately determined by 
means of a potentiometer. The voltage of the dry cell was de- 

The theory of the attracted disc electrometer. (Trans. A. I. E. E., 
Vol. XXXIII, Part II, 1914, p. 1635.) 
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termined both on open circuit and with the smallest series resist¬ 
ance used in calibrating the galvonometer connected between 
its terminals as a load. The change in terminal voltage due to 
the cirrrent flowing was, in every case, found to be entirely 
negligible. 


Preparation, Purification and Test of liyoRocniN 
The hydrogen used in these investigations was prepared by the 
action of water on hydrone, in a glass containing vessel. Hy- 
drone is the trade name for a sodium lead alloy. This alloy was 
used in order to reduce the violence of the reaction between the 
sodium and the water. The hydrogen prepared in this manner 
was eollected over water in a copper vessel. 

When it was desired to fill a corona tube with hydrogen the 
gas was forced out slowly by water pressure. It was passed 
through drying bottles containing concentrated sulphuric acid 
and calcium chloride respectively. It was then jjassed through 
a hard glass tube containing red hot calcium or calcium hydride. 
This acted as an effective reagent for removing a.n\^ traces of 
oxygen or nitrogen. 


the purifying tube was filled with metallic calcium but when 
his IS brought to a red heat in an atmosphere of hydrogen a 
rapid combination takes place. The hydride formed in this 
manner must be kept in an atmosphere of hydrogen as it com¬ 
bines with air at room temperature. 

hydrogeia was jjassed tlirough 

ed mth hydrogen it was exhausted and filled with hydrogen 
hree tunes ,n order to remove any traces of air. In every «isc 
a Geissler tube was connected to the system while the coroin 

obse™ 

X ra^sta^e T 1 IT^tniospheric down to the hard 
of hvdroo-! ’ ^ spectrum other than that 

carded and the corona tube was refilled 
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manometer readings were made to give the absolute pressure of 
the gas and were not affected by changes in the barometric 
pressure. The ends of the brass tubes were closed by means of 
glass plates through which holes had been ground. Metal 
bushings having a small hole along the axis were fitted into these 
holes and secured with red sealing wax. The glass plates were 
fastened to the ends of the tubes in such a manner that the hole 
through the metal bushing coincided with the axis of the tube. 

The wire on which the corona discharge was to be observed 
was passed through these bushings. One fend was fastened to a 
spring enclosed in a bottomless glass bottle which was sealed to 
the end plate so as to surround the bushing. The stopper was 
removed from this bottle when a new wire was being placed in 
the tube. When the wire was in place the stopper was sealed 
tight with half and half wax.* After the wire had been stretched 
tight the other end was fastened in the metal bushing with red 
sealing wax. In this way the wire was maintained tight and 
accurately centered. 

The metal bushings were necessary as it was found that with 
hydrogen a very decided effect was produced on both the 
corona starting voltage and the volt-ampere characteristics, 
when corona was affowed to form in the vicinity of these end 
plates. This effect was due to the breaking down of the ^as 
between the glass and the wire where the wire passed through 
the glass end plates, as it was not always possible completely to 
fill this space with wax and at the same time keep the wire within 
the tube free from the wax, which would start a local discharge. 

The wires used in these investigations were carefully cleaned 
and straightened and then calipered with a micrometer caliper 
before being placed in the tube. These wires varied in diameter 
from 0.12 mm. to 1.59 mm. The larger part of the data was 
taken with the wire in a brass tube 4.45 cm. in diameter but the 
results were checked with a 7-cm. tube in order to determine 
whether the size of the tube would affect the nature of the phe¬ 
nomena. No changes due to the size of the tube were noticeable 
as far the general character of the results and the critical the¬ 
oretical electric intensity at the surface of the wire are concerned. 

*Half and half wax is prepared by melting together approximately 
equal q'uantities of bees wax and rosin. The heat should be applied by 
means of boiling water. 
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Corona in Hydrogen 

Throughout the investigation with hydrogen it was found that 
the breaking down of the dielectric and the appearance of light 
at the surface of the- wire were simultaneous. The voltage 
necessary to cause- these phenomena will be called the critical 
voltage. The intensity of the electric field at the surface of the 
wire, under these conditions, computed on the assumption that 
the field between the wire aiid the tube is completely determined 
by the charges on the wire and tube, will be called the critical 
intensity. The above assumption neglects the possibility of 
distortion of field due to space charge before the corona starts. 

Corona between a positive wire and negative tube will be 
spoken of as positive corona, while corona between a negative 
wire and positive tube will be spoken of as negative corona. 



The + and — signs on the curve sheets refer to the polarity of 
the wire. 

In Fig. 3 are given curves showing the variation of critical 
voltage with gas pressure for air and hydrogen with two sizes 
of wire. The curves for air were taken from Farwell’s paper 
(Trans. A. I.^E. E., Vol. XXXIII, Part 11,^1914, p. 1648.). 
The curves for air and hydrogen were taken with tubes of the 
same diameter and therefore may be justly compared. From a 
casual observation of these curves it is apparent that the law of 
variation of critical voltage with pressure is essentially the same 
in the two cases. The curves for hydrogen agree fairly well with 
Peek’s formula when this is put in the form 

E == Eq P C p 





1017] 


CORONA AND RECTIFICATION 


159 


where E = critical intensity. 

p = pressure in per cent of atmospheric pressure. 

Eq and C= constants. 

This shows that as far as variation of pressure is concerned, 
with a given size of wire, the critical intensity for corona in 
hydrogen obeys Peek’s law. 

The data so far obtained do not show conclusively that Peek’s 
formula 

holds for hydrogen when the variation of E with changes of the 
radius of the wire is considered. In this formufa 

E — critical intensity. 

p = pressure in per cent of atmospheric pres¬ 
sure. 

r = radius of wire. 

£o and h == constants. 

The general nature of the results so far obtained however seems 
to indicate that this formula may hold. 

From the curves of Fig. 3 it may be seen that there are two 
decided differences between the critical voltages for air and 
hydrogen. 

1. With air the positive critical voltage is lower than the 
negative, while with hydrogen the negative critical voltage is 
less than the positive. This is true in the case of hydrogen for 
all sizes of wire and all pressures covered in this investigation. 

2. For the same size of wire and the same pressure the critical 
voltage in hydrogen is much lower than the critical voltage in 
air. 

Characteristic Curves, Characteristic curves for positive co¬ 
rona in hydrogen for two sizes of wire and various pressures are 
given in Fig. 4 and Fig. 5. These represent the general form of 
the characteristics for all sizes of wire and all pressures covered 
in these investigations. The most remarkable points about 
these characteristics are: 

a. The marked difference between the critical voltage and the 
voltage at which corona ceases. 

h. The difference between the points taken with increasing 
and those taken with decreasing current. 
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This persistence of corona at voltages less than that necessary 
to start the discharge has not been observed with air and con¬ 
tinuous potentials. (See Bennett Trans. A. I. E. E., Vol. 
XXXII, Part II, 1913, p. 1796, for alternating potentials.) If 
there is any such difference for air its magnitude is certainly 
very much less than with hydrogen. 

This difference between the critical voltage and the voltage 
at which corona is maintained may be explained by the change 



in the electric intensity (volts per cm.) at the surface of the wire 
after the corona has been formed. This change of intensity is 
caused by the space charge due to the positive and negative ions 
in the space between the wire and the tube. That such a distor¬ 
tion of the electric field exists is well known. The difference 
between the critical voltage and the voltage at which the dis- 
cha,rge^ ceases is not detected unless all sources of irregular 
ionization such as rough spots on the wire, high intensity where 
the wire passes through the glass, etc., are eliminated. 
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The negative corona characteristic curves for a No. 36 B. & S. 
gage copper wire, 0.121 mm. in diameter, in a brass tube the 
inside diameter of which was 4.45 cm. are given in Fig. 6. It 
will be noticed that the shape of these characteristics depends 
on the gas pressure to a very decided extent. 

With this size of wire corona seemed to start in each case with 
a number of very small bright points on the wire. Usually, 
however, the negative corona started with an unstable flicker- 



KILOVOLTS 

Fig. 5 

ing glow along the wire. With an increase of voltage the current 
gradually increased until a point was reached where the small 
bright spots combined into one negative bead of the kind des¬ 
cribed by Farwell (Trans. A.I.E.E., Vol. XXXIII, Part II, 1914, 
p. 1631.) This change in formation was accompanied by a large 
increase in current and a drop in the potential difference between 
the wire and the tube. This drop in potential difference across 
the tube was, in a certain sense, due to the resistance in series 
with the corona tube. The increased current taken by the tube 
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causes a higher drop through the series resistance, which stabi¬ 
lizes the corona discharge and prevents the indefinite increase 
of current which might result if there were no resistance in the 



I?® “ represent unstable conditions. 

An increase in the generated voltage caused an increase in the 
orona current which was accompanied by either an increase or 
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a decrease of the voltage between the wire and the tube depending 
on the size of wire and the gas pressure. 

It may be noticed that for the lower pressures the corona 
current-voltage characteristics are similar to the usual arc 
characteristic. The discharge, however, was not the arc dis¬ 
charge. The arc formed if the machine voltage was sufficiently 
increased. This was accompanied by a further drop in the 
voltage between the wire and tube and an entire change in the 
general appearance of the discharge. 

Difference Between Air and Hydrogen. The characteristic 
curves in Fig. 7 show clearly the difference between the corona 
in air and in hydrogen. The two curves on the left hand side of 
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the sheet refer to hydrogen while the curves on the right were 
obtained with air. The data for these curves were obtained 
with wires of approximately the same diameter. The data for 
corona in air were taken from FarwelFs paper. These curves 
show two differences between air and hydrogen. In air the posi¬ 
tive corona starts at a lower voltage than the negative while the 
reverse is true in case the dielectric is hydrogen. The other and 
more important difference is the entire dissimilarity of the posi¬ 
tive and negative curves with hydrogen. ' This difference has 
not been found with air. 

It must be remembered that, although the characteristic 
curves for the wire positive appear to be the same for air and 
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hydrogen, there is a decided difference even in this case as, with 
hydrogen, the corona was maintained at voltages lower than 
that necessary to start the discharge. 

Rectification 

After looking at the above curves it is at once evident that 
corona in hydrogen between a wire and a tube is an effective 
means of accomplishing rectification. This is true since large 
currents may be obtained from a negative wire with voltages 
which will give little or no current from a positive wire. This 
rectification may be accomplished with the wire cold and is not 
a case of rectification by means of a hot cathode. The principle 
of electron emission from a hot cathode might be used, however, 
in connection with the corona rectification. 

Following up the question of rectification the corona tube was 
connected to an alternating source of voltage as shown in Fig. 
2. A sensitive oscillograph element was connected directly in 
series with the corona tube and another element was connected 
across the primaries of the transformers. The oscillograms 
shown in Figs. 8, 9 and 10 were taken with the connection as 
shown in this diagram. 

Fig. 8 gives the current and voltage curves when an alterna¬ 
ting voltage is impressed across a corona tube. The curve 
having both positive and negative lobes is the voltage. The 
non-symmetrical character of this curve is due to the drop in the 
resistance in series with the primaries of the transformers. The 
curve lying mainly below the axis represents the current flowing 
between the wire and tube. The part of this curve slightly 
above and slightly below the axis is of the same shape and order 
of magnitude as the charging current of the condenser formed 
by the wire and cylinder. This was determined by an oscillo¬ 
gram taken at a voltage slightly less than that necessary to 
form corona. 

The voltage at which negative corona starts as shown in this 
oscillogram is approximately twice the voltages across the tube 
at the instant that the discharge ceases. 

The rectification with corona in hydrogen is practically per¬ 
fect as is shown by the oscillograms in Pigs. 8 and 9. Fig. 10 
gives the voltage and current with corpna in air at 100 mm. 
pressure. It is of interest to compare Figs. 8, 9 and 10 with 
those given by Bennett for air at low pressures (Trans. A.-1 E 
E., Vol. XXXII, Part II, 1913, p. 1787.). 



PLATE VI. 

A. I. E. E. 

VOL. XXXVI, 1917 




77/>y<e 


i ^ 



T 








v^ ^ :r)- , ^ 




<rff ^ 

^<rff « ,<ilSi ayytp. 




H>»/f~i^aa« FTe-cii^ica-ticn /n ^yjy^a^^n. 

3^ )4^fr4ty ,lS6€> 

-h.4-S 7 ~^,hs - ^ ;='r*«-.5-^^^,^,?. 


T^/m^r Aj/^. 


X^ffz ditZT 


OJTtp. 


V€>^uenc^ 


iffeKo iULi^e. 


/ 



Pig. 9 


[DAVIS AND BREESeI 










PLATE VII. 

A. I. E. E. 

VOL. XXXVI, 1917 



Fig. 10 



Air, A. C., PreSBure 747 


T 1 ^ ^ [DAVIS AND BREESE] 

i-iG. 11— Corona in 4.4o-cm. Brass Tube with 0.200-mm. CopperWirk 















1917] 


CORONA AND RECTIFICATION 


165 


The irregularities in the part of the curve near the zero line 
seem to be due to the capacity effect and are in no sense charac¬ 
teristic of the corona discharge. . 

The whole question of rectification is at present being made 
the- subject of further investigation. 

General Appearance 

In general appearance the corona in hydrogen is similar to that 
in air, but upon critical examination it is seen that there are 
many points of difference. Some of these similarities and dif¬ 
ferences are shown in Fig. 11. 

With the wire positive and sizes of wire smaller than No. 26 
B. & S. (0.405 mm. diam.) the wire was surrounded by a thin 
luminous layer which was essentially uniform. This is shown in 
Pig. 11. As the size of the wire was increased this glow became 
more and more irregular. At first there were spots somewhat 
brighter than others. For a wire as large as No. 10 B. & S. 
(2.59 mm. diam.) the discharge took the form of a large number of 
brushes similar to the point discharge in air. These brushes 
were closely spaced along the length of the wire with a fairly 
uniform glow between them. It was impossible to obtain ^a 
satisfactory photograph of this. This discharge was blue in 
color. If the voltage was increased to a high value a brilliant 
red spark passed between the wire and tube. This was fol¬ 
lowed by a pale blue arc having incandescent blue spots at both 
ends. 

The typical form of discharge with the wire negative is also 
shown in Fig. 11. It is seen that the discharge consisted of 
bright beads on the wire. As the potential was continuously 
increased, the first evidence of a breakdown of the gas was the 
appearance of an intermittent flickering glow. In every case the 
first noticeable current and visible corona occurred simultarie- 
ously. If bright spots were formed on the surface these in¬ 
creased in number and the current gradually increased until a 
stage was reached where the small bright spots collapsed into 
one brilliant bead. This change was accompanied by a rapid 
increase of current and a drop in the voltage across the tube. 
(See Fig. 6.) A further increase in voltage caused more small 
bright spots to form and also caused an increase in the brilliancy 
of the beads. The bright spots collapsed into another bead and 
in this manner the number of beads and the current increased 
as the generator voltage was made larger. If the generator 
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voltage was now decreased the behavior of the corona was some¬ 
what different. Suppose that there were nine beads on the 
wire. These beads persisted and became less and less brilliant 
until they finally collapsed into one or two beads. Thus it is 
seen that with increasing voltage the beads appear one after 
another, while with decreasing voltage they will continue until 
several disappear at one time, thus concentrating the current in 
a smaller number of more brilliant beads. 

With the wire negative there was no evidence of a uniform 
glow for any size of wire or any pressure covered in this investi¬ 
gation unless an arc was in series with the tube. This is not 
true with air. 

Opposite to each bead for practically all pressures and all 
sizes of wire used in these experiments there were a number of 
bright spots on the tube. The number of spots varied from ten 
or twelve up to a hundred or more depending upon the current 
flowing from the bead. If there were only a few spots they 
would be bunched together, but when the current was large the 
spots formed a band with a width of approximately one centi¬ 
meter completely surrounding the tube. These spots varied in 
color from pale yellow to milky blue, depending on the pressure, 
current and size of wire. With low pressures and large currents 
these spots appeared as brilliant green fans with yellow spots 
where they touched the tube. The effect was then truly beauti¬ 
ful. This green color may be due to the brass tube, and thus 
may not be characteristic of hydrogen. The presence of these 

spots seems to indicate an ionizing gradient at the surface of the 
tube. 


With an alternating voltage impressed across the tube the 
corona may take the form shown in Fig. 11. In the illustration 
tor 436 mm. this is essentially the same as the negative corona 
since the conditions under which this picture was taken were 
such that there was perfect rectification and no positive corona 
was present. If any positive corona was present it would be made 
evident by a uniform glow between the negative beads. The 
alternating voltage is also shown in Pig H 
The ^erence is at once apparent. If the alternating voltage 
on the hydrogen filled tube is increased sufficiently, positive 
corona will fonn and finally the positive arc will follow tL 
arcing dunng the half cycle when the wire is positive can be 
detemined immediately, both by the fact that the red positive 
spark IS easily visible shooting across the blue corona and negative 
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discharge, and also by the fact that the rectification is much less 
perfect. 

The predominating color of the various discharges through 
hydrogen was blue, ranging from a light silver blue to sky 
blue. The one marked exception to this was the brilliant red 
of the disruptive discharge from a positive wire. This brilliant 
red spark was followed by a pale blue'arc. 

When a continuous voltage was impressed on the tube and a 
short arc (1mm. or less) was introduced into the circuit the fol¬ 
lowing changes in the character of the discharge were observed. 

With a No. 26 B. & S. gage (0.405 mm. diam.) wire in the tube 
and the wire positive, the introduction of a short arc caused the 
uniform glow to break up into straight blue streamers extending 
from the wire to the tube with brilliant light blue spots at each 
end. This discharge resembled a radial shower of blue light. 
Lengthening the arc caused the streamers to disappear and the 
entire tube was filled with a blue glow. With a No. 36 B. & S. 
gage (0.121 mm. diam.) wire, the radial streamers did not appear 
when the arc was introduced in the circuit, but the tube was 
filled with a blue glow. 

With the wire negative the introduction of an arc in series 
with the tube caused very little change in the appearance of the 
corona at the surface of the wire, but caused a disappearance of 
the bright spots on the surface of the tube. 

With the wire negative and hydrogen in the space between the 
wire and the cylinder an increase in the gas pressure as great 
as 3 cm. of mercury has been observed on closing the circuit. 
This pressure increase was due to ionization of the gas and not 
to increased temperature as it immediately disappeared when 
the current was shut off. 


Conclusions 

1. The critical intensity for corona in hydrogen follows Peek’s 
law fairly closely as far as changes due to variations in the gas 
pressure are concerned. 

2. The variation of the critical intensity with the radius of the 
wire is not as yet conclusively proved either to follow or not to 
follow Peek’s law but the general character of the results so far 
obtained seem to indicate that the law may hold. 

3. Hydrogen is different from air in that corona is maintained 
at voltages considerably lower than the critical voltage while 
this has not been found to be the case with air. 
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4. The characteristic curves with the wire positive in hydrogen 
differ from those with air in that the voltage necessary to main¬ 
tain a given current depends on whether that value of current 
has been approached by increasing or decreasing the machine 
voltage. 

5. The characteristic for the wire negative in hydrogen is 
entirely different from the characteristic obtained with a negative 
wire in air. 

6. Complete rectification for alternating current is obtained 
between concentric cylinders when the intervening space is 
filled with hydrogen and an alternating potential difference suf¬ 
ficiently high to produce negative corona is impressed between 
the cylinders. 

7. This rectification continues after the negative arc has been 
established, under the proper conditions of pressure, size of 
wire and size of tube. Direct currents as high as 0.12 ampere 
have been obtained with alternating voltages of approximately 
8000 volts. 

The investigations outlined in this paper were carried out in 
the Laboratory of Physics at the University of Illinois under the 
direction of Dr. Jacob Kunz, Associate Professor of Physics. 
To him, to Professor E. B. Paine of the Department of Electrical 
Engineering and to Professor A. P. Carman of the Department 
of Physics the authors wish to acknowledge their indebtedness 
for suggestions and aid which made this work possible. 
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THE ELECTRIC STRENGTH OF AIR.—VII 


BY J. B. WHITEHEAD AND W. S. BROWN 


Abstract of Paper 

In view of the variation among the values obtained by dif¬ 
ferent observers, this paper aims to make a careful determination 
of corona-forrning voltages for alternating and for positive and 
negative continuous voltages in the same apparatus and under 
the sarne conditions. 

Within the range of wire ^ diameters used, corona appears 
at a lower value when the wire is positive than when it is negative, 
^though^ the two curves converge for increasing diameters. 
The maximum excess of negative over positive, as observed, was 
6.3 per cent. 

The values^ with alternating voltage coincide with those of 
negative continuous voltage. Positive continuous voltage there¬ 
fore forms corona at the lowest value. 

The observations on the negative corona give values higher 
than any heretofore obtained. 

Other experiments are described, giving qualitative indications 
of the correctness of Townsend’s theory of ionization by collision. 


T he voltage at which corona appears on a round wire in air 
depends on the diameter of the wire, the potential gradient 
at the surface and the density of the air. The relation as based 
on the results of these papers and those of Peek^ is of the form, 

£ = A 5 + 5 \/A ( 1 ) 

in which E is the potential gradient at the surface of the wire of 
radius r or diameter d, d is the so-called “density factor”, its 
value being unity at a pressure of 76 cm. and a temperature of 
25 deg. cent., and A and B are constants. In the experiments 
on which formula (1) is based alternating voltages were used, 
and it was shown that the maximum value of voltage or gradient 
determines the appearance of corona. 

If the value of E as obtained from the empirical formulas of 
Whitehead^ and Peek and from the results of some of the other, 
investigators of the alternating-current corona be plotted as a 
function of the radius of the wire, we find that the value of E for 
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any one wire shows noticeable discrepancies, i.e., the constants 
A and B have different values. The differences in the observed 
values are probably due to the difficulty in measuring the ratio 
o maximum to effective values of the high voltage, to the un¬ 
equal surface condition of the wires and to failure to properly 
correct for atmospheric conditions. The observations of White- 
head gave A = 32 and B = 13.4. The work of Peekh somewhat 
later, showed a similar relation between E and d, giving A =29.8 
an 5 ~ 12.7. These values in his subsequent papers have 
een rought up to 31.0 and 13.5 respectively, which are in 
close agreement with the result of Whitehead. 

The most important work on the direct-current corona has 
been done by Watson^, Sha^fers^ and FarwelP. Watson made 
observations with wires ranging from 0.70 mm. to 12.76 mm. in 
larneter, using as a source of power an influence machine of 
special design. For the case of a wire and cylinder he found 
that the polarity of the wire had a marked influence on the ap¬ 
pearance of corona and on the value of the critical intensity. 
Schaffers, using wires from 0.0006 to 0.70 cm. in diameter in 
tubes of various sizes, found that for the larger wires the positive 
corona a^ppeared at a lower voltage than the negative, while for 
the smaller sizes the reverse was true. The curves of critical 
radiu^*^ crossed at a point corresponding to a wire 0.01 cm. in 

^ generators as a source of 

gh potential, investigated the influence of the polarity of the 
we,_ of temperature, pressure and humidity on the corona- 
formmg voltages on copper wires ranging from 0.009 to 0 258 
cm. in diameter in a tube 4.45 cm. in diameter. For a given 
size wirj he found that corona appeared at a much lower voLge 
when the wire was positive. His observations can be rVpre- 

Ss A I E constants as given in 

. --h.E. paper are for the positive wire, A =316 E=8 47 

fqr the negative wire, A = 38.0, B = 8.06. Here again, as in 
the alternating-current case, the results of different investiga- 
tors show considerable divergence. ^ 

1 the values of the 

that tb! n ^ ^ ^ determined by different observers 

that the present investigation was undertaken. The different 

SHf J the different values obtained for 

■ oth alternating and continuousvoltage. The aim of the present 
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experinients has been to compare alternating and continuous 
values of corona voltage under identical conditions and under 
the best possible conditions for accuracy. 

Some later experiments outlined in Section V had as their 
purpose the testing of some of the assumptions of the present 
day theories as to the start and ultimate nature of corona. 

Since the experiments of this paper were completed Peek^o has 
published results of a comparison of alternating and continuous 
corona voltages. He finds that they are identical and inde¬ 
pendent of the polarity of the wire in the case of continuous 
voltage. The results described in this paper are noticeably at 
variance with those of Peek. 

II. Description of Apparatus 
For Alternating Voltages. The diagram of connections for the 
production of and measurements on the alternating-current 
corona is given in Fig. 1. The motor-generator G supplies the 


C.T. 



low-tension winding of the transformer T through a potential 
regulator, P R. One terminal of the high-tension winding is 
connected to the low-tension winding and to ground and the 
other to the corona wire. C F is the corona tube and E, an elec¬ 
troscope, both described in detail in a subsequent paragraph. 

The motor-generator set consisted of two 5-kw., 1200-rev. per 
min., 120-volt alternating-current generators, one 60 and the 
other 20 cycles driven by a 7.5-h.p., 120-volt direct-current, 
shunt-wound motor. The use of a storage battery of large capac¬ 
ity as a source of energy for driving the motor and for exciting the 
two alternators made it possible to obtain a very constant 
voltage. Throughout the experiments only the 60-cycle unit 
was used. The armature was surface wound and the wave 
smooth. 

The transformer used was rated at 3000 watts, 60 cycles, 100- 
25,000 volts. The low-tension winding was in two 50-volt 
sections, the high-tension in four 6250-volt sections. The ratio 
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of turns of the transformer as furnished by the manufacturer 
was 1-250.18 and this ratio was used to determine the secondary 
voltage. The primary voltage was read on a standardized 
Weston dynamometer voltmeter V (Fig. 1 ) and was controlled 
by the potential regulator P R and a variable resistance R in the 
generator field F. The influpce of the varying I R drop in the 
primary winding was practically negligible in its effect on the 
ratio of transformation owing to the small values of the magnet¬ 
izing and load currents. 

The corona apparatus consisted of a wire stretched co-axially 
in a metal tube. The wire was clamped at each end in a device 
which permitted stretching and centering. The tube was 
mounted on an insulated stand which also supported a very 
sensitive electroscope. Small holes were drilled in a section of 
the tube and a disk of the same curvature as the tube was con¬ 
nected to one terminal of the electroscope and placed as close to 
the tube as possible without actual contact. The disk, the con- 



PiG. 2 Connections for Experiments With 15,000-Volt Direct- 
Current Generator 


nections to the electroscope and the electroscope proper were 
protected by grounded metal shields. The electroscope was 
charged to a potential of 440 volts from the lighting mains 

The'^f iTr “'^densers by parallel-series connection. 
The insulated stand was grounded for the alternating-current 

termnal of the electro- 
c^nn. 7 ^ 'o^^ation accompanying the very fir:t appearance of 

served as Sect thus 

Is uLd t " Tr ^ illustration of the tube 

as used in some later experiments. 

For Continuous Voltages. Two sources of high continuous 

rtf ^ Mgh-voltage generator and a kenotron 

‘ oi te connections in the use 

hlh LwS 7 T “ ^ ^^“^^"tor, supplies the 

anfct condensers C to the corona wire. 

spectilely ^ ^°lt“eter, multiplier and galvanometer re- 
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The generator of special design consisted of eight units 
mounted on an insulating bed. Each armature is provided with 
two windings and commutators and rated as follows: Amperes 
0.1; speed, 2700 rev. per min.; volts per commutator, 937.5; shunt 
wound. The available potential was, therefore, 15,000 volts, 
when the machine was run at normal speed with all the units in 
series. 

The connection of a large number of low-volt age generators 
in series as a method of obtaining high values of continuous 
potential has been often used. In the present case to avoid 
insulation troubles, self-excited, shunt-wound generators were 
used with individual rheostats mounted on each frame and 
special precautions were taken in the design of the insulation. 
The generators were driven by a 5-h.p., 220-volt direct-current, 
shunt-wound motor through an insulating belt and insulated 
couplings. Voltage control was obtained in two ways. Ad¬ 
justable carbon rod resistances connected in series with the 
generator fields and carefully insulated from the frame were 
mounted on the top of each machine and a movable insulated 
gearing provided uniform variation of all the rheostats. For 
fine adjustment a rheostat was inserted in the driving motor 
field which gave voltage control by varying the motor speed. An 
illustration of the unit is given in Fig. 5. 

The Moscicki condensers, whose function will be explained 
later, were rated at 20,000 volts, effective value. They are of 
the Leyden jar type, the dielectric being of glass; and to prevent 
corona from forming on the edge of the plates, the condensers 
were filled with oil. Two condensers were used, consisting of 
eight units of 0.002 microfarad each. 

The voltmeter used was a Weston intrument of the permanent 
magnet type, with two scales (0-150 and 0-750 volts). It was 
carefully compared throughout its entire range with a Weston 
laboratory standard instrument and found correct within the 
limit of observation error, i.e., 0.1 per cent. The resistance of 
the high scale winding was 82,790 ohms. As it was desired, to 
measure potentials up to 35,000 volts, a multiplier of 4.5 megohms 
was necessary. Shunting the instrument by an approximately 
equal resistance reduced this amount by one half although it 
introduced the disadvantage of doubling the amount of power 
required. For example, at 15,000 volts this demand is 0.0065 
ampere and is great enough to impose a serious limitation on 
some of the later experiments, using the kenotron. A number 
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f voltmeter 

manufacturers for increasing the range of their laboratory volt- 

onWO^Sn *°tal resistance, however, was 

mnL ’ To obtain the remainder, six units were 

laboratory according to specifications of the 
wr .1 ° Sl^^'^adards. Each unit consisted of forty mica cards 

The resistance of each card was 

supported by hard rubber up- 
ghts, and the whole mounted on a hardwood base. The cur- 
ren capacity was 0.022 amperes. The resistance of each unit 
was measured with a standard bridge and also by placing it in 

across 

across mams of known potential. 

The diagram of connections for the second method using a 
eno ron is s own in Pig. 3. G the. high-frequency generator 



supplies through the grounded transformer T the kenotron K 

L JrS^H and the inductance 

^hich is rectified in 

Ld voltmitr ^ ron. M and F, are the multiplier 

tube, with the electroscope E and the galvanometer G' as before 

Mt oftZ f. r K ^^0 field 

circmt of the generator by means of the resistance R,. 

® ^^^^-^requency generator was a direct-driven unit con- 

sistmg of a generator with a double field structure, one of 48 

poles, the other of 240, and a 3-h.p., 240-volt direct-current 

shunt-wound motor. The armature of the ahematorwa: 

S rS" So?" The rated 

u 1 speed was 1500 rev. per mm. at which one generator gave 
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Speed or frequency control was obtained by armature and 
field resistance in the motor circuit, the use of the former being 
practically limited to starting. The driving motor and the 
generator field were both supplied from a storage battery which 
made conditions very favorable for steadiness in readings. 

The kenotron used in the present investigation was designed 
for a maximum voltage of 40,000. It consisted of a highly evac¬ 
uated glass bulb containing a cylindrical anode along whose 
axis was stretched a 10-mil tungsten filament, which acted as the 
hot cathode. The cylindrical anode was of small diameter in 
order to bring the anode and cathode very close together to 
reduce the space charge effect and thereby increase the current 
carrying capacity of the rectifier. One terminal was of the 
ordinary incandescent lamp type and served to supply energy to 
the cathode, acting at the same time as one terminal for the 
high voltage. The other end of the tube was sealed off with a 
metal cap and ring, which served as the other high-voltage- 
terminal. The theory and performance of the kenotron have 
been completely described by Dushman® and others. 

For heating the tungsten filament, a 12-volt storage battery 
B Fig. 3 was used. A resistance i? 2 , a 15-ampere ammeter A 2 
and a knife switch S 2 were connected in series with the battery 
to provide control of the filament current and indirectly the 
electron emission. Table I gives the electron emission and the 
voltage drop in the kenotron for various filament currents. A 
filament current of 6.1 amperes was used throughout this work. 


TABLE I—CHARACTERISTICS OF THE KENOTRON 


Filament current 

Electron emission 

Minimum voltage 
drop 

5.0 

9.5 


5.2 

16.0 

86 

5.4 

27.0 

122 

5.6 

40.0 

158 

5.8 

57.0 

200 

6.0 

82.0 

250 

6.1 

100.0 

280 


The capacity Ci (Fig. 3), was made up of six units connected 
two in series, three in parallel. Each unit was insulated for 
10,000 volts and had a capacity of 0.01 microfarad. The con- 
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denser plates were immersed in oil. Spark gaps set for 10,000 
volts were placed across the terminals of each unit to prevent 
breakdown of the insulation resulting from possible unequal 
distribution of potential. The capacity C 2 was made up of four 
similar units connected two in series, two in parallel together 
with the Moscicki condensers used in connection with the first 
method. The inductance Li, consisted of two air coils of 360 
turns of No. 10 B. & S. wire. The coils were in parallel but 
magnetically separated from each other. At 600 cycles they 
had an impedance of 9 ohms each. The high-tension winding of 
a 5-kw., 6600/110-volt, 60-cycle power transformer served for 
L 2 . The function of these inductances is explained in connection 
with the experiments. 


Ill- Preliminary Experiments 
The approximate sizes of wire on which corona would appear 
for both alternating and continuous voltages with tubes of a 
given diameter were calculated from the results of foregoing 
researches. Two tubes were used, with inside diameters of 
6.109 and 4.855 cm., respectively. Six sizes of wire were used 
with diameters of 0.074, 0.090, 0.125, 0.166 and 0.231 cm. All 
were of brass except the largest, which was of steel. The wires 
were always carefully polished with crocus cloth and chamois 
before introducing them into the tube. 

The first tests made were with the high-voltage generator as 
a source of potential. A number of runs were made on the 
same tube and wire and the voltage at which corona appeared 
as determined by visual methods and temperature and atmos- 
phenc pressure, were recorded. An interesting source of error 
was developed at this point. It was found that successive runs 
under the same conditions gave values of corona voltage dif¬ 
fering by several per cent. The trouble was traced by means of 

wSh!nv lit freq^eiicies which could not be associated 
Y 1 th anj feature of the rotatmg element. 

inequalities of voltage, two 
Aloscic^ki condensers (0.004 microfarad) were connected Tn 
parallel with the o-eneratnr TV,o -n ^ . onneciea in 

show fb«t generator. The oscillograms shown in Pig. 6 
show that the voltage fluctuation was increased nnrlpr th. 

... oonLS: Z iS 



PLATE VIII. 

A. I. E. E. 

VOL. XXXVI, 1917 



Pig. 4—Corona Tube 



■n, ^ rr .-r fWHITEIIEAD AND BROWN] 

riG. 0 —High-Voltage Generator 










PLATE IX. 

A. I. E. E. 

VOL. XXXVI, 1917 



Fig. 11 


[whitehead and brown] 




























1917] 


ELECTRIC STRENGTH OF AIR 


177 


tions, when the two units were used, was obtained by superira- 
posing a wave of known frequency, not shown in Figs. 6 and 7. 
The frequencies as measured in this way are for the fundamental, 
359.5 cycles per second, and for the superposed, 12.3 cycles per 
second. An effort was made to connect these frequencies with 
periodic recurrencies due to the speed of the motor, the genera¬ 
tors, the belt, the number of commutator segments, etc., but 
without success. The fluctuation disappeared with increased 
capacity in parallel and is probably due to a resonance 
condition between the inductance of the armatures and the 
capacity of the circuit. The slow superimposed fluctuation 
could not be definitely traced. Further investigation of this 
interesting phenomenon had to be postponed. 

A determination of jE as a function of the capacity in parallel 
with the generator showed that above 0.016 microfarad the value 
of E was constant. The results are given in Table II and are 
plotted in the form of a curve in Fig.. 8. A capacity of 0.032 
microfarad was used, twice as much as actually required. 


TABLE II—APPARENT LOWERING OF THE CRITICAL SURFACE INTEN¬ 
SITY DUE TO RESONANCE IN THE GENERATOR CIRCUIT 


No. of units 

Capacity m.f. 

1 

0.002 

2 

0.004 

3 

0.006 

4 

0.006 

5 

0.010 

6 

0.012 

7 

0.014 

8 

0.016 

9 

0.018 

10 

0.020 

11 

0.022 

12 

0.024 

13 

0 026 

14 

0.028 

15 

0.030 

16 

0.032 


Voltmeter 

reading 

Critical surface 
intensity E 

620.0 

68.6 

555.0 

61.4 

622.5 

68.9 

647.5 

71.7 

652.5 

72.2 

662.5 

73.3 

666.0 

73.7 

665.0 

73.7 

665.0 

73.7 

665.0 

73.7 

665.0 

73.7 

665.0 

■ 73.7 

665.0 

73.7 

665.0 

73.7 

665.0 

73.7 

665.0 

73.7 


It must be noted that the percentage variation in voltage as 
shown by the oscillogram (Fig. 9) is much greater than that 
actually obtaining under test conditions, as the oscillograph 
requires a current nearly 25 times as great as that taken by the 
voltmeter and corona tube, and the fluctuation varies directly 
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with the current taken from the condensers. Under test con¬ 
ditions therefore ^voltmeter and tube connected—the voltage 
vanation is only a very small fraction of one per cent. 

The maximum voltage obtainable from the high-voltage 
generator was 15,000 volts so the kenotron was used for higher 
values. It was soon found that the transformer used imposed a 
serious limitation on the value of the continuous voltage obtain- 
^ ^ means. At 600 cycles the high-tension windings of 

the transformer took a primary charging current of 20 to 25 
amperes and as the full load current of the 600-cycle generator 
was on y .4 amperes, the speed and consequently the frequency 
rapidly dropped on connecting the transformer. Although the 
internal reactance of the generator was considerable, the capacity 
° f -tension windings of the transformer was more than 
sufficient to overbalance it. Additional reactance connected 



Pig. 8 Apparent Lowering of Critical Surface Intensity Due 
TO Resonance in the Generator Circuit 


across the primary of the transformer was the obvious way of 
reducing this current. A number of air coils of low resistance 
were tried and after a number of trials the two coils as described 
in an earlier paragraph were selected, as they reduced the 
c arging current to about five amperes and gave a maximum 
value of continuous voltage of about 26,500 volts. 

The next step in the development of the kenotron method was 
to introduce parallel capacity in the direct-current side of the 
kenotron to smooth out the voltage by supplying energy to the 
load the part of each cycle when the kenotron delivers no 

c^ent. When operated alone le., without condensers the rec¬ 
tifiers gave a continuous voltage which fluctuated between zero 
and a m^imum with the frequency of the impressed e.m.f. 600 
cycles. Pour 10,000-volt condensers in series (0.0025 microfarad 
were connected between the direct-current side of the kenotron 
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and ground. The oscillogram, Fig. 10, shows the character of 
the continuous current voltage with the above capacity. Nine 
condensers, connected three in parallel, three in series, (0.01 
microfarad) were next tried. The oscillogram. Fig. 11, shows the 
decided improvement. The attempt to produce further im¬ 
provement in the voltage by this means was abandoned as it was 
evident that a far larger amount of capacity than was available 
would be required to obtain a voltage varying less than one per 
cent. 

As the impedance of the load (the voltmeter and corona 
tube) was high, the current which flowed was very small. 
Under these conditions a moderate amount of series induc¬ 
tance (50 or 100 henrys) in conjunction with capacity offered 
a probable means of further improvement if connected in 
the manner shown in Fig. 3, where the capacity is divided 
into two portions. The voltage fluctuation at the terminals 
of Cl is an irregular shaped wave which consists of a funda¬ 
mental with a frequency of 600 cycles per second and a number 
of higher harmonics. The inductance and the capacity C 2 
offer a definite value of impedance to each of these higher fre¬ 
quencies. The higher the frequency the greater the impedance 
offered by* the inductance or in other words the voltage wave 
is smoothed out by removing the higher harmonics. The cur¬ 
rent drawn by the condenser C 2 over the inductance L 2 stores up 
electromagnetic energy in the latter. When the voltage of the 
condenser starts to fall, due to the current drawn from it by the 
load, the energy stored up in the inductance is delivered to the 
circuit and tends to maintain the voltage at the terminals of C 2 
constant. 

A number of inductances were tried in the position L 2 and the 
sound in a telephone used as a measure of the degree of voltage 
fluctuation. The intensity of sound in the telephone is propor¬ 
tional to the amplitude of the voltage fluctuation. The minimum 
sound in the telephone was obtained from one half of the high- 
tension winding of a 5-kw., 6600/110-volt power transformer. 
This final arrangement was used throughout the tests. 

It is possible to calculate the voltage fluctuation under test 
conditions, if it is assumed that is directly proportional to the 
current. Referring to Fig. 3, the values were as follows, when 
the oscillograph was in circuit: 
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Cl = ^ = 0.015 microfarad 


C2 


2 ( 0 . 01 ) 

2 


+ 0.032 = 0.042 microfarad 


C = Cl + C 2 = 0.015 + 0.042 = 0.057 microfarad 

= 5.7X10“® farads 

V = direct-current voltage = 4700 

5 F = voltage fluctuation = 13.8 per cent = 650 volts. 
(By measurement on the oscillogram) 

ii = oscillograph current = 0.024 ampere 
(By measurement) 

H = voltmeter current = 0.001 ampere 
(By calculation) 

i = total current flowing when oscillograph is 
connected. 


= + ^*2 = 0.025 ampere 

CO = 2 TT X frequency = 2 ttXGOO = 1200 tt 

HulF has shown that the voltage fluctuation (5 V) at the ter¬ 
minals of C 2 may be expressed by the simple relation 


V = 


S iTT 
L2 CO® 




( 2 ) 


where i, co, and C are as given above and is the magnitude of 
the series inductance in henrys. If we assume L 2 constant, 
(i.e., independent of the amount of current due to the low flux 
density in the iron of the transformer which was used as L 2 ), 
we can write 

(3) 

Let 5 Va = voltage fluctuation when current i is flowing. 

5 F& = voltage fluctuation when current '^2 is flowing 
Then, S Fa = and, 5 F^ = Kh. (4) and (6) 
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Dividing (4) by (6) and transposing, 

5 n = X Fa (6) 

I 

~ q25 ^ 13.8^ per cent = 0.5 per cent 

= percentage voltage fluctuation under test conditions, {i.e., 
voltmeter and corona tube.) 

A comparison of the different methods of detecting corona was 
then made. In the case of the alternating-current corona the 
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Fig. 13—Visual Corona and Electroscope Discharge 

-Visual corona 

-Electroscope discharge 

Diameter tube = 6.109 cm. 

Diameter wires = 0.107—0.166—0.231 cm. 


visual and electroscope methods were compared. The curves 
(Fig. 13) show how closely the two methods agree, when the 
bend in the electroscope curve is taken as the point at which 
corona begins. In the case of the direct-current corona an ad¬ 
ditional method was available, i.e.^ a galvanometer connected 
between the tube and ground as used by Farwell and Mackenzie®. 
A ballistic galvanometer with a sensitivity of 10“® amperes p6r 
mm. scale division when the scale was placed one meter from the 
mirror, was used. Below corona voltage if the wire was clean, 
the galvanometer stood practically on zero. With the appearance 
of corona, the galvanometer took a large deflection (5 to 10’em.) 
and any further increase in voltage threw the light spot off the 
scale. 
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The condition of the surface of the wire when fairly clean had 
but little effect on the value of the critical surface intensity in 
the case of the wire at positive or alternating-current potentials, 
but with the wire negative the slightest surface imperfection or 
particle of dust caused a lowering of the value of E. The ob¬ 
servations on negative corona were extremely difficult on this 
account. On raising the voltage the slightest amount above 
that necessary to form corona, the blue glow changed to a 
purple point discharge and on lowering the voltage, corona held 
on to a value of voltage far below that required to start corona. 
The wire had to be removed and carefully polished again before 
another observation could be made. With precautions against 
the above increase of voltage beyond corona value it was pos¬ 
sible to repeat the observations on the negative corona as often 
as desired. 

Final Methods of Taking Observations. The wire was carefully 
polished, placed in the tube, accurately centered and connected 
to the voltage supply. In the alternating-current case the vol¬ 


tage was slowly raised by increasing the generator field current 
until the electroscope began to discharge. Readings were taken 
of the rate of leak of the electroscope corresponding to each 
increment of the voltage, until the rate of discharge became 
practically infinite. The field current was then decreased until 
the leak of the electroscope ceased and then increased again 
until visual corona appeared. The voltage was read at this 
instant on the primary voltmeter and recorded as primary volts. 
The temperature and pressure were also recorded. The peak 
factor of alternating voltage waves was determined by means of 
oscillograms. A large number were taken and from these the 
values of 1.46 at 40 volts, 1.46 at 50 volts and 1.46 at 60 volts 
were determined by measurement. In order to give an idea of 
the conditions of accuracy in making these measurements, the 
figimes in Table III are given for one half of the wave of the 
oscillogram corresponding to 60 volts. The curve was carefully 
traced on co-ordinate paper and 26 ordinates, 1/20 of an inch 
(1.27 ^.) apart were read off; the height of each ordinate 
coffid be read to 1/50 of an inch (0.508 mm.) The maximum 
ordinate was 1.43 inches (37.08 mm.) high and the r.m.s of all 
the ordinates was 0.977, which gives a ratio of maximum to 
effective of 1.464. Similar measurements on the other oscillo- 
grams gave the values as stated above. The average of these 
hree (1.46) was taken as the ratio of maximum to effective value 
over the range 40-60 primary volts. 
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Fig. 15—At 60 Volts 
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TABLE III—OSCILLOGRAM OP THE VOLTAGE ACROSS THE LOW-TENSION 
TERMINALS OF THE TRANSFORMERS AT 60 VOLTS 


Ordinate No. 

Length 

(Length) 

1 

0 

0 

2 

2.5 

6.25 

3 

5.0 

25.00 

4 

7.0 

49.00 

5 

11.5 

132.25 

6 

15.3 

234.09 

7 

17.8 

316.84 

8 

20.3 

412.09 

9 

22.3 

497.29 

10 

24.2 

585.64 

11 

25.0 

625.00 

12 

• 26.0 

676.00 

13 

27.0 

729.00 

14 

28.0 

784.00 

15 

28.6 

817.96 

16 

27.0 

729.00 

17 

25.2 

635.04 

18 

23.5 

552.25 

19 

22.7 

515.29 

20 

21.0 

441.00 

21 

17.8 

316.84 

22 

15.0 

225.00 

23 

12.0 

144.00 

24 

8.8 

77.44 

25 

5.2 

27.04 

26 

0.0 

0.00 


The oscillograms taken at 40 and 60 volts respectively are given 
in Fig. 14 and 15. 

In the direct-current experiments the procedure was much the 
same, the high-tension voltage however being read directly on 
the voltmeter in series with the multiplier, no peak factor de¬ 
termination being necessary. In the case of the negative corona 
the electroscope curve could not be obtained due to the disad¬ 
vantage of raising the voltage above corona as noted above and 
finally, the galvanometer method of detecting the corona was 
used. 

Accuracy of Observations. The accuracy of observation in the 
case of the alternating-current corona was limited only by the 
accuracy of reading the voltmeter, as the observations could 
be repeated again and again from day to day when correction 
was made for temperature and pressure, and the other factors 
entering into the determination of the value of E could be deter¬ 
mined to a small fraction of 1 per cent. The voltmeter could be 
read to 1/5 of a division at 60 volts or about 1/3 per cent. It is 
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recognized, however, that the accuracy also depended upon the 
measurements of peak factor on the oscillograms. The method 
of measuring these has already been outlined and as the value of 
the peak factor varied only 0.07 per cent over the range of volt¬ 
age used, it is felt that the measurement of voltage is the 
limiting factor, as stated above. The accuracy in the continuous 
current case was also limited by the voltmeter reading and was 
about 1/3 per cent also. 


IV. Final Experiments 

Relation Between Critical Surface Intensity and Diameter of the 
Wire for Alternating Voltage. In Table IV are given the results 
of observations on six sizes of wire in a tube 6.109 cm. in diameter. 
The first column gives the wire diameter in centimeters, the 
second column the ^'density factor’’ S, as obtained from Peek's 
relation 


3.92 p 
273 + t 


(7) 


and the third column the primary volts. V the critical voltage 
(maxinium) is obtained by multiplying the primary voltage by 
the ratio of transformation and the peak factor. The relation 


E = 


a logs b/a 


( 8 ) 


was used in calculating the critical surface intensity E. 

RelaUon Between Critical Surface Intensity and Diameter of the 
Wire for Positive and Negative Continuous Voltage. In Table V 
are given the results of observations on the same wires for 
positive corona and in Table VI for negative corona. The first 
coton is again the wire diameter, the second column the density 

temperature and pressure 
and the third column the voltmeter reading. The critical volt- 
age F IS obtmned by multiplying the voltmeter reading by the 
multiplying factor. The last column is obtained as before 
d, J + number of observations on the negative corona is 
ment one?ber^^ fexperienced in obtaining them as 

Lona often required to obtain a stable 

great help as the galvanometer only remained on zero up to 
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corona forming voltage when the wire was absolutely clean and 
if at no time during the run the voltage had been raised above 
that required to form corona on the given wire. 

Determination of the Constants A and B of Formula (1). As 
stated in the introduction the formula connecting E (the critical 
surface intensity) with the diameter of the wire is of the form 

e.as + bS/^ ( 1 ) 


TABLE IV—ALTERNATING CURRENT 


Diam. wire cm. 

Density factor 

5 

Primary volts. 

Crit. voltage 
(maximum) V 

Crit. surface in¬ 
tensity E (kv.) 

0.074 

1.005 

35.8 

13,120 

80.6 


1.005 

35.8 

13,120 

80.6 


1.005 

35.8 

13,120 

80.6 

0.090 

1.005 

39.65 

14,530 

77.1 


1.005 

39.65 

14,530 

77.1 


1.005 

39.65 

14,530 

77.1 

0.107 

1.005 

42.85 

15,700 

72.6 


1.005 

43.05 

15,780 

73.0 


1.005 

43.20 

15,830 

73.2 

0.125 

1.005 

45.6 

16,700 

68.8 


1.005 

45.65 

16,720 

68.9 


1.005 

45.7 

16,750 

69.0 

0.160 

1.005 

53.5 

19,610 

65.0 


1.005 

53.5 

19,610 

65.6 


1.005 

53.5 

19,610 

65.6 

0.231 

1.005 

61.4 

22,500 

59.6 


1.005 

61.4 

22,500 

5'9.6 


1.005 

61.4 

22,500 

59.6 

0.231 

1.000 

64.2 

23,520 

59.7 


1.000 

64.2 

23,520 

59.7 


1.000 

64.2 

23,520 

59.7 


where, E = critical surface intensity in kilovolts per centimeter. 

5 = Density factor. 

A and B — Constants. 

To determine these constants from the observed results the 
method of least squares was used. The calculation as applied to 
the positive corona is given in full in Table VII. Attention is 
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TABLE V—POSITIVE CORONA 


Diam. wire Density 

cm. factor S 

D-C. volts 

Mul. fac. 

Critical vol¬ 
tage (V) 

Crit. surf, 
intensity (E) 

0.074 1.02 

228.0 

52.16 

11,897 

77.0 

1.02 

227.5 

52.18 

11,871 

76.9 

1.02 

228.0 

52.18 

11,897 

77.0 

1.00 

558.0 

19.83 

11,660 

75.5 

1.00 

587.5 

19.83 i 

11,650 

75.4 

1.00 

587.5 

19.83 

11,650 

75.4 

1.022 

227.5 

52.18 

11,871 

77.1 

1.022 

227.5 

52.18 

11,871 

77.1 

1.022 

227.5 

52.18 

11,871 

77.1 

1.035 

442.5 

28.36 

12,549 

77.1 

1.035 

443.0 

28.36 

12,560 

77.2 

1.035 

443.0 

28.36 

12,560 

77.2 

0.090 1.01 

657.5 

19.83 

13,038 

72.8 

1.01 

657.5 

19.83 

13,038 

72.8 

1.01 

657.5 

19.83 

13,038 

72.8 

1.02 

665.0 

19.83 

13,187 

73.6 

1.02 

665.0 

19.83 

13,187 

73.6 

1.02 

665.0 

19.83 

13,187 

73.6 

1.007 

637.5 

19.83 

13,038 

72.8 

1.007 

367.5 

19.83 

13,038 

72.8 

1.007 

637.5 

19.83 

13,038 

72.8 

1.02 

665.0 

19.83 

13,187 

73.6 

1.02 

665.0 

19.83 

13,187 

73.6 

1.02 

665.0 

19.83 

13,187 

73.6 

1.005 

657.5 

19.83 

13,038 

72.8 

1.005 

657.5 

19.83 

13,038 

72.8 

1.005 

657.5 

19.83 

13,038 

72.8 

0.998 i 

654.0 

19.83 

12,969 

71.4 

0.998 

654.0 

19.83 

12,969 

71.4 

0.998 

654.0 

19.83 

12,969 

71.4 

1.025 

253.0 

52.18 

13,200 

73.7 

1.025 

253.0 

52.18 

13,200 

73.7 

1.025 

253.0 

52.18 

13,200 

73.7 

0.107 1.022 

275.0 

52.18 

14,350 

69.2 

1.022 

275.0 

52.18 

14,350 

69.2 

1.022 

275.0 

52.18 

14,350 

69.2 

1.035 

533.0 

28.36 

15,116 

69.9 

1.053 

532.5 

28.36 

15,102 

69.8 

1.035 

533.0 

28.36 

15.116 

69.9 

0.125 1.008 

292.5 

52.18 

15,263 

66.8 

1.008 

292.5 

52.18 

15,263 

66.8 

1,008 

292.5 

52.18 

15,263 

66.8 

0.166 1.003 

357.5 

52.18 

18,654 

62.4 

1.003 

357.5 

52.18 

18,654 

62.4 

1.003 

357.5 

52.18 

18,654 

62.4 

0.231 1.02 

422.5 

52.18 

22,046 

58.4 

1.02 

422.5 

52.18 

22,046 

58.4 

1.02 

422.5 

52.18 

22,046 

58.4 
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called to the excellent agreement in the observed results and 
those calculated by the formula. The observed values are given 
in the ninth column of Table VII, the calculated values in next 
to the last column and the percentage error referred to the ob¬ 
served values in the last column. This error is less than 1 per 
cent with the exception of the wire of radius 0.0535 cms. 

Similar calculations were made for the alternating voltage and 


TABLE VI—NEGATIVE CORONA 


Diam. wire 

cm. 

Density- 
factor 5 

D-C. volts 

Mul. fac. 

Critical vol¬ 
tage (7) 

Crit. surf, 
intensity (E) 

0.074 

1.003 

462.5 

28.36 

13,117 

80.6 


1.003 

462.5 

28.36 

13,117 

80 6 


1.003 

462.5 

28.36 

13,117 

80.6 

0.090 

1.03 

517.0 

28.36 

14,662 

77.8 


1.03 

517.5 

28.36 

14,676 

77.9 


1.03 

517.0 

28.36 

14,662 

77.8 


0.9907 

503.0 

28.36 

14,265 

75.6 


0.9907 

502.5 

28.36 

14,230 

75.6 


0.9907 

503.0 

28.36 

14,265 

75.6 

0.107 

1.003 

560.0 

28.36 

15,880 

73.5 


1.003 

560.0 

28.36 

' 15,880 

73.5 


1.003 

560.0 

28.36 

15,880 

73.5 

1.125 

0.992 

587.0 

28.36 

16,657 

68.6 


0.992 

587.0 

28.36 

16,657 

68.6 


- 0.992 

587.0 

28.36 

16,657 

68.6 

0.166 

1.003 

667.5 

28.36 

19,214 

64.3 


1.003 

667.5 

28.36 

19.214 

64.3 


1.003 

667.5 

28.36 

19,214 

64.3 

0.231 

1.001 

431.0 

52.18 

22,440 

59.3 


1.001 

431.0 

52.18 

22,440 

59.3 


1.001 

431.0 

52.18 

22,440 

59.3 


the negative continuous voltage and the following constants 
were found. 

Positive Corona 

A = 33.7 B = 11.5 

Negative Corona 

A = 31.02 B = 13.5 

Alternating-Current Corona 
A = 33.7 B = 12.6 
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TABLE VII~CALCULATION OF CONSTANTS A AND B USING METHOD OF 
LEAST SQUARES. POSITIVE CORONA 


r 

8 

52 

53 

53 

r 

^ r 

i 

r 

0.037 

1.02 

1.0404 

1.061 

28.68 

5.375 

27.77 

0,045 

1.025 

1.0506 

1.076 

23.9 

4.885 

22.7 

0.0535 

1.022 

1.0445 

1.068 

19.97 

4.47 

19.14 

0.0625 

1.008 

1.0161 

1.025 

16.4 

4.05 

16.12 

0.083 

1.003 

1.0060 

1.01 

12.16 

8.85 

12.07 

0.1155 

1.02 

1.0404 

1.061 

9.19 

3.03 

8.82 

s 


6.198 



25.235 

106.62 

r 

E obs. 

8E 

a/i 

r 

\/Ie 

r 

E Calc. 

Error % 
per cent 

0.037 

77.0 

78.54 

5.27 

405.79 

77.1 

- 0.13 

0.045 

73.7 

75.54 

4.765 

351.18' 

73.4 

+ 0.41 

0.0535 

69.2 

70.72 

4.375 

302.75 

70.0 

- 1.1 

0.0625 

66.8 

67.33 

4.015 

268.2 

66.7 

+ 0.14 

0.083 

62.4 

62.59 

3.475 

216.84 

62.1 

+ 0.48 

0.1155 

58.4 

59.56 

2.97 

173.45 

58.5 

- 0.17 

s 


414.28 

24.87 

1718.21 




Resultant values A =437.7, B =11.5. 


The values of E for the six sizes of wire calculated from the 
formula, 


E = A + 


VI 


using the above constants are given in Tables VIII and IX and 
plotted in Fig. 16. 


TABLE VIII—ALTERNATING CURRENT 


Relation between Diameter and Critical Surface Intensity 


Diam. wire cm. 

Density factor 8 

Primary volts 

Critical voltage 
(max.) (F) 

Crit. surf, inten¬ 
sity E (kv.) /cm. 

0.074 

1.005 

35.8 

13,120 

80.6 

0.090 

1.005 

39.65 

14,530 

77.1 

0.107 

1.005 

43.0 

15,760 

72.9 

0.125 

1.005 

45.7 

16,750 

69.0 

0.166 

1.005 

53.5 

19,610 

65.6 

0.231 

1.005 

61.4 

22,500 

59.6 
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TABLE IX—CONTINUOUS CURRENT 
(Positive) 


Relation between Diameter and Critical Surface Intensity 




Voltmeter 

Critical vol- 

Crit. surf, inten- 

Diaiii. wire cm. 

Density factor 5 

reading 

tage (F) 

sity. E (kv.)/cm. 

0.074 

1.02 

228.0 

11,897 

77.0 

0.090 

1.025 

253.0 

13,200 

73.7 

0.107 

1.022 

275.0 

14,350 

69.2 

0.125 

1.008 

292.5 

15,263 

66.8 

0.166 

1.003 

357.5 

18,654 

62.4 

0.231 

1.02 

422.5 

22,044 

58.4 

(Negative) | 



Voltmeter 

Critical vol- 

Crit. surf, inten- 

Diam. wire cm. 

Density factor 5 

reading 

tage (V) 

sity E (kv.) /cm. 

0.074 

1.003 

462.5 

13,117 

80.6 

0.090 

1.03 

517.0 

14,662 

77.8 

0.107 

1.003 

560.0 

15,880 

73.5 

0.125 

0.992 

587.0 

16,657 

68.6 

0.166 

1.003 

677.5 

19,214 

64.3 

0.231 

1.001 

431.0 

22,490 

59.3 


In Table X is given a comparison of the results of observations 
on positive, negative and alternating-current corona with the 
results of the more important earlier researches. The formula, 

E == Ab + b\/L 

a' 


af;oo 

§ 

? 80 

60 

i 

0 40^ 

Fi(}. 16 —Corona Voltages for Round Conductors 

was used in all cases and the values of the constants A and B 
(as taken from the accounts of the different investigations and 
given in Table XI), substituted in order to obtain the values of 
E given in Table X. 
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The values of Table X for the alternating-current case are 
plotted in Fig. 17, those for the continuous current case (positive 
and negative) in Fig. 18. 


TABLE X—COMPARISON OP RESULTS 


Critical Surface Intensity: Kilovolts Per Centimeter 


Alternating current 

Continuous current 

Diam. 



White- 

White- 


White- 


wire 

White- 


head & 

head & 

Farwell 

head & 

Farwell 

cm. 

head 

Peek 

Brown 

Brown 

+ 

Brown 

— 





+ 


- 


0.074 

81.2 

80.7 

80.3 

76.0 

75.7 

80.8 

76.9 

0.090 

76.6 

76.0 

76.0 

71.9 

71.6 

76.1 

72.0 

0.107 

72.9 

72.3 

72.5 

68.9 

68.3 

72.4 

69.8 

0.125 

69.9 

69.2 

69.6 

66.2 

65.5 

69.3 

67.2 

0.166 

64.8 

64.1 

64.8 

61.9 

61.1 

64.2 

62.9 

0.231 

59.9 

59.1 

60.1 

57.6 

56.6 

59.1 

58.7 


Discussion 

The fact that positive corona appears at a lower voltage than 
negative for the same size wire is in accord with the theory of 
secondary ionization if we assume that the negative ion is the 
principal ionizing agent. This is practically certain owing to 



Pig. 17 —Corona Voltages for Round Conductors 


its energy of motion being greater than that of the positive ion 
under- a given voltage gradient. If a difference of potential be 
applied between a wire and concentric cylinder the negative ions 
or electrons present in the air will move under the influence of the 
electric field. In so doing they will collide with the molecules 
of the air and they may or may not produce other ions, depend- 
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ing upon their velocity. Now suppose the wire is positive. In 
this case the electrons will move inwards (toward the wire) and 
in so doing will move in the direction in which the intensity of 
the field is increasing. Thus new ions caused by collisions are 
formed in stronger and stronger fields and there is a consequent 
tendency to multiply to the concentration corresponding to 
corona formation. On the other hand if the wire is negative, 


TABLE XI 


Type of voltage 

Name of 
investigator 

Constants 

A 

B 

a-c. 

Whitehead 

32 

13.4 

a-c. 

Peek 

31 

13.5 

d-c. 

Farwell 

31.6 

11.9 

d-c. 

Farwell 

35.0 

11.4 


the electrons will move outwards in the direction of decreasing 
field intensity. Only those which start from near the wire pass 
through the field of strong electric force so that the number of 
ions produced by collisions is much smaller than in the first case 
or a higher difference of potential will be required to produce 
enough ions by collision to start corona. 

There is nothing new in the convergence of the curves for 



Pig. 18 —Corona Voltages for Round Conductors 

positive and negative corona. Schaffers, Watson, Mackenzie 
and Farwell all found evidences of this. As the meeting point 
is a function of the pressure and the diameter of the wire it is 
hard to compare the results of the different investigations on 
this basis. If the curves for positive and negative corona be 
extended they will meet at a point corresponding to a wire of 
diameter 0.285 cms. 
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Farwell states that the appearance of negative corona changes 
with increase of wire diameter and voltage, that the negative 
corona started with a bright spot or two on small wires followed 
by a continuous brush discharge as the voltage was increased and 
that for the larger wires the brush discharge appeared immedi¬ 
ately upon reaching the critical voltage. In the present experi¬ 
ments by careful polishing and by raising the voltage in very 
small steps it was found possible to make the negative corona 
appear sharply as a continuous bluish glow on all the wires used. 
If the voltage was raised the smallest amount above that neces¬ 
sary to produce corona, the bluish glow collapsed to a purplish, 
point discharge and by lowering the voltage until the discharge 
just disappeared, a value of E was obtained in close agreement 
with Farwell. It is believed that this explains to some extent 
the low values obtained by Farwell in this case. 

V. Experiments Testing the Theory of Corona 
Formation 

Theory of the Start of Corona. According to the theory of 
secondary ionization, if a difference of potential be applied to a 
tube and concentric wire, the free electrons present in tlie air 
between will acquire a velocity under the electric field. 1'hc 
velocity will depend on the applied difference of potential and 
the ''mean free path” of the electron. In order that corona form 
about the wire it is necessary that the electron acquire a velocity 
sufficient to produce other electrons by collision and that this 
process multiply to some state of concentration constituting 
corona. If the possible free path of the electi’on be limited in 
any way, a higher difference of potential will be required to give 
the critical velocity to the electron or to produce coi'ona. 

To test this theory concentric metal tubes with thin walls and 
insulating supports were introduced between the wire and tlic 
corona tube proper, in order to reduce the possible free path of 
the negative ion under the influence of the electric field and to 
observe the effect of this reduction on the value of F, the maxi¬ 
mum value of the voltage required to produce corona. The 
great difficulty in such experiments is to determine when corona, 
starts when the secondary tube is in place. On applying con¬ 
tinuous voltage to the wire it was found that the voltage could 
be carried far above that required to start corona when the 
auxiliary tube was not in place without the slightest deflection of 
a r^alvanometer connected between the tube and ground and 
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without any indication of glow about the wire. It was at first 
thought that this could be explained on the hypothesis that the 
intermediate tube cut down the number of ionizing electrons 
already in motion in the outer portion of the field in accordance 
with the indications of the theory. An electrostatic voltmeter 
was then connected between the inner tube and the ground and 
the voltage again applied. On removing the voltage from the 
central wire the intermediate tube was found to retain a poten¬ 
tial, as shown by the electrostatic voltmeter. An electroscope 
carrying a charge of known sign showed that the intermediate 
tube was charged to a potential of the same sign as the wire. 

The failure of the galvanometer to deflect or of corona to 
appear was now easily explained; the presence of the high poten¬ 
tial of the same sign on the intermediate tube lowered the po¬ 
tential gradient between the wire and the outer tube and there¬ 
fore prevented the appearance of corona. That this is the cor¬ 
rect explanation was shown by the absence of charge on the inner 
tube for voltages below corona. The conclusion therefore is 
that the corona may form at normal voltage, generating positive 
and negative ions. The ions of the opposite sign are attracted 
to the wire, those of like sign are driven to the intermediate tube 
where they raise its potential. This elevation of potential con¬ 
tinues until it is sufficient to lower the intensity at the surface 
of the corona wire below corona forming value. The whole 
process is probably instantaneous. 

Alternating current was then applied to the wire as -it was 
thought that the inner tube would not acquire the charge noted 
above. The kenotron was used to rectify the current which 
flowed from the outer tube to the ground through the galvano¬ 
meter, which was retained in these alternating-current experi¬ 
ments by reason of its value as a detector. Here again trouble 
was encountered due to a charge accumulating on the outer tube 
which disturbed the potential gradient and made it impossible 
to obtain corona even on raising the voltage far above that re¬ 
quired to start corona when the outer tube alone was used and 
connected directly to ground. 

The kenotron is a perfect rectifier and allows current to flow 
in one direction only. During the half cycle when the wire is 
positive a charge of the opposite sign is acquired by the tube 
through the kenotron. During the next half cycle the wire 
becomes negative, but a positive charge does not accumulate on 
the outer tube as the kenotron is conducting in but one direction. 
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The negative charge already there cannot return through the 
kenotron for the same reason and with each successive halfrcycle 
more and more charge accumulates until the outer tube is con¬ 
siderably above ground potential, which lowers the effective 
potential gradient and prevents the formation of corona. 

TABLE XII 

Influence of Concentric Screening Tubes on Corona Voltage 
(With Inner Tube) 


A-C. volts 

Shunt in ohms 

n + rz 

ri 

40.0 

11.0 

3.780 

45 0 

10.0 

4.060 

50.0 

9.0 

4.400 

'55.0 

8.5 

4.605 

60.0 

7.5 

5.080 

65.0 

7.0 

5.340 

67.5 

6.0 

6.100 

70.0 

5.0 

7.120 

72.5 

3.0 

11.200 

(Without Inner Tube) | 



ri 4- rz 

A-C. volts 

Shunt in ohms 

rx 

40.0 

12.0 

3.56 

45.0 

11.0 

3.78 

50.0 

10.0 

4.06 

55.0 

9.3 

4.30 

60.0 

8.7 

4.52 

62.5 

8.3 

4.69 

65.0 

7.6 

5.03 

66.0 

6.5 

5.71 


Galvanometer Deflection Constant = 1 cm. 
Visual Corona With Tube =69,1 

Visual Corona Without Tube =64.2 


A vibration galvanometer in the ground connection was next 
used’and after many trials the results shown in Table XII and 
plotted in Fig. 19 were obtained. The instrument used was of 
the soft iron magnet type, in which a piece of soft iron is sus¬ 
pended by a silk fibre between the poles of a horseshoe magnet. 
A coil carrying the alternating current to be measured produces 
a field perpendicular to that of the magnet. The temporarily 
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magnetized piece of iron vibrates in synchronism with the al¬ 
ternating current and with an amplitude proportional to the 
strength of the current. The period of the moving system is 

adjusted to resonance by a magnetic shunt on the limbs of the 
magnet. 

The first column gives the primary volts. The deflection of 
the galvanometer was held constant at one centimeter, by vary- 
mg a non-inductive shunt across the instrument. The values of 
the shunt used are given in the second column. The total current 
flowing from the tube at any given voltage on the wire, is given 



Fig. 19—Effect of Concentric Tubes 

Diameter outer cube = 6.98 cm 
Diameter inner tube = 2.448 cm 
Diameter wire = 0.231 cm. 


where, Vi = resistance of the galvanometer. 

1-2 = resistance of the shunt. 

^'i ~ current through the galvanometer. 

As the galvanometer current was held constant, the above equa- 
tion reduces to 


A ^1 + ^2 

% — R, ~ . 

ri 


( 10 ) 


The values of —^ are entered in the last column and the 

curve (Fig. 19) is plotted between , which is proportional 

to the total current flowing, and the primary volts on the trans- 
ormer. The values at which visual corona appeared with and 
without this tube, which was 2.448 cms. in diameter, are given 
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in Table XIII and also marked on the curve. Three other tubes 
were inserted and observations made on the visual corona with 
and without them. These values are also entered in the table. 


TABLE XIII 

Effect of Thin Concentric Insulated Tubes on Corona Voltage. 


Diameter inner tube cm. 

Primary volts 

2.448 

08 7 

1.829 

69.1 

1.209 

62.0 (Spark over) 

0.605 

....(“ " ) 

No tube 

64.2 

Diameter outer tube 6.98 cm. 

Diameter wire 0.231 cm. 


Discussion. The curve (Fig. 18) shows that the charging 
current is higher when the intermediate tube is in place as it 
should be owing to the increased capacity. The curves follow 
straight lines up to a value of voltage required to produce corona 
with no intermediate tube. An indication is given that the 
corona current rises more rapidly when the tube is not in place 
which is in accord with.the theory. Corona appears at a higher 
value of voltage when either of the larger tubes is inserted which 
is in accord with the theory, as they cut down the number of 
ionizing electrons already in motion due to the outer portion of 
the field. If we omit the value obtained for the 1.209 cm. tube 
which is uncertain owing to spark over, we see that the smaller 
the diameter of the inner tube the higher the voltage required 
which is again in accord with the theory as the smaller the inner 
tube the more the accelerating path is cut down and the higher 
the voltage required to start corona. Because of the difficulty 
of maintaining the galvanometer deflection constant (it is affec¬ 
ted by the slightest variation in the frequency) further modi¬ 
fications m the direction of constancy of frequency are neces¬ 
sary, and the experiments were terminated at this point. It is 
believed however that the above results are a reliable qualitative 
indication that corona voltage is elevated by an intermediate 
thin screen which serves as a barrier to the free passage of the 
ionizing electrons. 


VI. 


Conclusions 

1. The cntical corona forming intensity at atmospheric pres- 
ure has been determined for six sizes of wire ranging from 0.074 
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to 0.231 cm. diameter for alternating and continuous potentials, 
in the same apparatus and under the same conditions. 

2. The relation between critical surface intensity, that is, the 
intensity at which corona starts, and the diameter of a clean 
round conductor'as found are expressed by the following laws: 


Alternating current" 


E = 33.7 6 + 12.6 \/— 
d 


Continuous currentf 
Positive 


E= 33.75 + 11.5 \/4- 

d 


Continuous currentt 
N egative 


E = 31.02 5 + 13.5 


3 . Within the range of wires used the corona appears at a 
lower voltage vdien the wire is positive than when it is negative. 
The maximum excess of negative over positive observed was 
6.3 per cent. 

4. The values with alternating voltage coincide closely with 
those of negative continuous voltage. 

5. The curves representing the positive and negative values 
converge as the diameter of the wire increases. 


6. The observations on the positive and alternating-current 
corona are in substantial agreement with those of Farwell, Peek 
and Whitehead, although new values of the constants of formula 
(1) are indicated. 

7. Ihe observations on the negative corona give values higher 
than any heretofore obtained. 

8. txpeiiments with concentric insulated screening tubes in- 
dicate that the critical corona forming intensity is raised by 
their introduction. (See Table XIII and Pig. 18.) 

9. The results of the present investigation are in accord with 
the theory of secondary ionization as proposed by Townsend. 

Laboratory oj Rkctrical Engineering, Johns Hopkins University. 
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Discussion on ‘‘Corona and Rectification in Hydrogen” 
(Davis and Breese), “The Electric Strength of Air- 
VII’’ (Whitehead and Brown), New York, February 
15, 1917. 

Saul Dushman: The problem of obtaining high-voltage direct 
current^ for use in such experiments as described in the above 
papers is of great importance. One method is to use the series of 
d-c. generators as described. Another method that is very con¬ 
venient consists in the use of a transformer, and some type of 
rectifier, such as that mentioned in the paper by Messrs. White- 
head and Brown, The pulsating d-c. voltage produced by the 



High Voltage • High Voltage 

Pig. 1—Diagram of Connections for the Production of 
High-Voltage Direct Current 

use of one half-wave or two half-wave rectifiers may then be 
smoothed out by means of capacity. Dr. Hull has recently shown 
that by dividing the capacity into two parts and inserting in¬ 
ductance between them, it is possible to obtain almost non¬ 
pulsating direct-current with very much less capacity than 
would be required if no inductance at all were used. Fig. 1 
shows his arrangement for obtaining 50 milliamperes at 
100,000 volts from a 2000-cycle alternator and step-up trans¬ 
former, and Fig. 2 represents an oscillogram of the direct-current 
actually obtained. 

In the case of the experiments described by Messrs. Davis and 
Breese, the maximum current appears to have been about 4 
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milliEinpcrcs. Tliis corresponds to n resistciiicc of o megohms 
at 20,000 volts. Assuming 60-cycle alternating current and only 
half-wave rectification, it can be shown that in order to obtain 
the above current with less than one per cent fluctuation in volt¬ 
age, it would require only about 0.25 microfarad, if capacity 

alone were used. • ,, , 

By using the method suggested by Dr. Hull, this could be 
reduced to about 0.1 microfarad by the use of an inductance of 
about 900 henrys. Dr. Hull’s method becomes more and more 
advantageous as the frequency is increased, and at 500 cycles, 
the capacity required with the same inductance would be only 
about one-twenty-fifth of that required at 60 cycles. 

J. B. Taylor: I do not understand why, if negative corona is 
a different sort of action entirely from positive, which it ob¬ 
viously is, very decidedly in the case of hydrogen, and to a less 
extent in the case of air, why any equation for determining 
alternating-current corona point should not be the same as the 
minimum corona point with either alternating or direct current. 
Since the alternating-current wave must have a negative portion 
in it, why does not corona begin to form at just ^ as low a ^ value 
in alternating as in direct current, unless there is a certain lag 
and in that case a logical law would seem to call for the intro¬ 
duction of a frequency term. 

L. W. Chubb: Messrs. Davis and Breese, in their paper show 
the difference between corona formation in hydrogen and air. 
In hydrogen negative corona forms at the lower voltage,^ while 
in air the reverse is true. The comparison that is shown in this 
paper is limited to wires of about the same size, and of a size which 
possibly exaggerates the difference. The Farwell paper showed 
the formation of negative corona first, in air, when the wire was 
below a certain diameter. It is possible that there might be an 
interchange of the phenomena also in hydrogen if wires of much 
smaller or much larger diameter are used, and that this apparent 
difference is only because of the relatively different parts of the 
curve. 

I want to call attention to some facts regarding rectification. 
Apparently, the scheme given looks like a practical rectifier, but 
if you consider the losses that would occur in such rectification, 
and also .consider the fact that it can work against a counter 
e.m.f. equal to only one-half of the difference between the posi¬ 
tive and the negative corona-forming voltages, it does not make 
a very attractive scheme. 

The increase of the pressure in the tube when ionization starts 
has come up before in the Farwell paper, and the change was de¬ 
nied in some discussion last year. It seems that there is a pos¬ 
sibility that this pressure change is local, and will depend upon 
where the pressure is taken, whether near the corona wire or near 
the outside cylinder. 

Dr. Whitehead’s method-of inserting tubes to prevent the 
multiplication of ionization is rather interesting, but I think is 
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Open to some objection in that the tubes may become charged 
with electrons, and have effects on the field. They may produce 
a space, charge which will change the natural gradient, and may 
also act as condenser plates, because they have low conductance 
and may distribute the gradient like the plates of the concentric 
series of foil of condenser bushing. 

Dr. Whitehead reviews the common theory of ionization by 
bombardment by the electrons near the wire when it is positive, 
and explains by this that it is natural that the positive corona 
should form at a lower voltage. That is the way I have always 
looked at it myself, but the reverse effect in hydrogen gives us 
something more to think about. 

F. W. Peek, Jr.: The tests that Messrs. Davis and Breese 
have made indicate that corona formation in hydrogen follows 
the same laws as in air. The constants which they have obtained 
for the hydrogen corona formula are, however, lower. Dr. 
Whitehead found that CO 2 , a much heavier or denser gas than 
air, had the same dielectric strength at the same ‘‘relative” 
density—at the same temperature and pressure. The strength 
of air varies with the “relative” density, as shown by the stand¬ 
ard formula. The dielectric strength of different gases should 
be measured at various densities, to determine if the strength is 
affected by the “absolute” density or only by the “relative” 
density of the gas. The effect of molecular spacing would thus 
be determined. 

Some years ago, I was able to rectify by corona, and obtained 
about 100 kv., direct current, with power of a few kw. A de¬ 
scription of this investigation will be found in an A. 1. E. E. 
discussion.* 

In my experiments with d-c. corona, I found it extremely 
difficult to determine the exact starting voltage when the wire 
was negative. The positive corona was quite definite, and 
apparently about the same for direct-current or for alternating- 
current, f The slightest irregularity on the negative wire made 
the corona starting point very irregular. What is recorded as 
the starting point of negative visual corona will depend to a great 
extent upon the observer and the condition of the wire. Dr. 
Whitehead gives constants for the corona formula for a-c., 
and negative and positive d-c. corona. When these constants 
are inserted in the formula, it is found that for very large wires 
(radii = 00 ) the a-c. and the positive d-c. corona voltages are 
equal, while the negative d-c. voltage is much lower. For 
wires about 0.5 cm. in diameter the a-c. and positive and nega¬ 
tive d-c. ai'e approximately equal; for small wires the negative 
cqroiia voltage is higher than the positive. For the small wires 
actually used in Dr. Whitehead's investigation, he found that 
the negative corona starting point was approximately equal to 

~ *Trans. a. I. E. E., p.1062 Vol. 34., 1915. 

tF. W. Peek, Jr., “The Effect of High Continuous Voltages on Air, Oil, 
and Solid Insulation.” Trans. A. I. E. E., 1916, Vol. XXXV, Part 11, 
p. 783. 
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the a-c. while the positive corona starting point was lower. In 
this connection, Mr. Taylor’s question is a good one. If there is 
a difference between positive and negative starting voltages, it 
would be expected that the a-c. would correspond to the lower 
voltage, or to the positive. This was not the case over the range 
investigated by Dr. Whitehead. The time necessary for corona 
to start should not affect this, as this time is relatively very 
small.^ I believe the go constant of 33.7 is too high since spark- 
o\jr_ in an approximately uniform field, where the radius is 
infinity, apparently takes place at a gradient of about 31 kilo¬ 
volts per centimeter. 


borne time ago, I investigated corona formation and spark- 
o\er vnth impulse voltages. The duration of these voltages was 
sometimes less than a microsecond. It is interesting that the 
sanie general laws hold for these transients. The time lag for the 
starting of visu^ corona on wires is very small, and measured in 
microseconds. For spark-over, the time lag has very little effect 
on sphere-gap spark-over voltages, or for spark-over voltages 

Tp^rk uniform For needle-gap spark-over, or the 

spark-over of other gaps, where the field is non-uniform, the 

o™? v-ofta2 mf^ impulse spark- 

ovS voltfce times the continuously applied spark- 

over voltage. This investigation, which also includes the effect 

surf“oey“r'^" solid hisulationt 

thL hV-a j conclusion of Messrs. Davis and Breese 

air "is corona that is followed Iiv 

t>y the results described in the naoer ff'hc 

conclusions \he a^ large part, qualitative and in order to test the 
emSns shouK^^^^^ -^^hing the 

reduce corona forming voltage below tSiTf+^^v f Possible to 

tubes, the latterabout four small 

IS run far above the value at wbiVh‘f + The corona 

the temperature in the tube is coLiderahff'^l certain that 
means a lowering of corona voltSf f ^ ^ elevated and that 
that the e.xplanation of the authors Prepared to say 

reason for the lowering of the voltfJf ^ charge is the 

does not show this, nor does there appeVr’^to^br^’ P^P®^' 

the same effect should not ^ny reason whv 

authors are w orkin v 

Thaks. a. I. E.' E 

34. p. 1857. p. w. Peek, Jr., 
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in a most important and interesting field, but in order that cer¬ 
tain results may be drawn, why should not the conditions of 
accuracy, the methods of observation, and the record of ob¬ 
servations themselves be given ? 

There is one indication in Fig. 8 which the authors have not 
mentioned, and which nevertheless may have some bearing upon 
the fact that corona voltage may be reduced below the point at 
which it starts. The curve for voltage in Fig. 8 is that having 
a peak in the upper half. The upper half of these waves is con¬ 
siderably shorter in time than the lower half, showing that the 
wave has been distorted not only on the upper or positive side, 
but also on the lower side. That, it seems to me, is an indication 
that there may be some distortion of the field in the tube, that is 
to say, some form of influence by foregoing ionization. 

The results in hydrogen are, of course, of great interest, and 
the authors are to be congratulated for bringing them forward. 
Those shown in Pig. 7, in which the relation of positive and nega¬ 
tive potential for corona is reversed as regards air, and the very 
marked change in the form of the curve connecting the voltage 
and the current are especially striking. Flowever, it is only fair 
to note the extremely small wires with which the authors are 
working, and the difficulty of making the surface of such wires 
absolutely uniform. Surface irregularities on small wires cause 
wide variations in the value of corona forming voltage. You will 
notice, that the lower curve for hydrogen is the negative one, 
and if the wire did, by chance, happen to be irregular, it would 
tend to give the results as shown. 

The authors state that: “The voltage at which negative 
corona starts, as shown in this oscillogram, is approximately 
twice the voltage across the tube at the instant that the dis¬ 
charge ceases.” 

They state that this difference between the initial and final 
corona voltage has not been observed before. They are correct 
in stating that it has not been observed for continuous potentials, 
but the first paper of our own series shows a wave form on which 
is marked the values of voltage at which corona started and those 
at which it ended, and the last were invariably lower. In that 
paper we attributed the difference to the slight elevation of 
temperature due to the corona, and the consequent hanging on of 
corona to a somewhat lower voltage. 

The spots on the negative corona wires are more or less natui*al, 
by reason of the electro-magnetic reaction between successive 
discharge points, considered as electric currents. If the surface 
of a wire is irregular, either at the beginning, or becomes so as a 
result of discharge, it is natural that successive discharge points 
should space themselves more or less uniformly along the wire, 
as representing an equilibrium condition of a number of similar 
forces. 

Coming to the comments that have been made on the paper 
of Mr. Brown and myself, Mr. Taylor’s comment as to the ab- 
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^ units in the formulas is quite pertinent. The units for 

ni 1:1 paper are in kilovolts 

per centimeter throughout. 'The density factor 5 is a ratio- 

ShSfhv '"^lae of S and the 

mfssure ^ 7?^^ 1 A is unity at a 

pressuie of 76 cm. and a temperature of 75 deg cent The 

p<»"L^sSLirj“eri 

comesponding value, inasmuch as it has a positive half wave. I 
cannot answer that question, and I shall be very ^lad indeed 
to have anybody else do so. It undoubtedly has^to do with a 

isTuide'^Sibljfr-'^ “ recombination of ions. It 

neceSarv to 2ipb . conditions under which it will be 

aS actTv^P hpw 5 P°t®f lal in which both halves of the 5vave 
are active before corona starts. In that event, we would exnect 
coincidence between the alternating and the negative continuous 
potential, as regards corona voltage conrinuous 

Mr. Chubb has commented on the change of pressure with 
die appearance of corona. That question recalls the SpeT of 

thelSirinttTf “V iresslfe SZ to 

mad?unoTthat?Lt u ^c^meuts have been 

rS is ionb?f twi questions that it is so. When 

a ^as IS ionized there are a greater number of free narticleq anH 

the kinetic theory 3 gases^ ^ikh i^dh 
no bearing, intny op^on c^nXons whkh regulate ti! 

second point is a comment on the use of the 
intermediate barrier tubes, and their effect upon corona voltave ’ 
He points out two possible sources of error 

iSr#31'7SaSisi 

in tl Ss the pSr “'5?““'”“ 

present. It is possible to show the prSStetrSLTh; 
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approach each other, but I believe they will never be found to 
cross. I think they will converge into one with the increasing 
diameter of the wire. I think if the wire gets to be of sufecient 
size, the field between two parallel wires, will be sufficiently 
similar in the case of the passage of both positive and negative 
ions to give the same potential. If that is true, the constants of 
the formula as used in the paper would have to suffer some 
modification, but I do not believe we will ever find in air that the 
negative wire will show corona first. 
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OSCILLATING-CURRENT CIRCUITS BY THE METHOD 
OF GENERALIZED ANGULAR VELOCITIES 


BY V. BUSH 


Abstract of Paper 

The oscillating-current circuit differs from the alternating- 
current circuit m that the sinusoids involved are damped. 

In the same way that alternating-current theorems areobtained 
by generalizing direct-current theorems, it is possible to obtain 
oscillating-current theorems by still further generalization. 

his involves a generalized angular velocity and a generalized 
impedance which are coinplex quantities. Kirchoff's law may 
be thus generalized; and yields a simple method of determining 
the generalized angular velocities, and thus the frequencies and 
decrements, of free oscillation. 

Since, in an^ oscillating-current circuit, there is no impressed 
voltage, the initial voltage present in the circuit must be used in 
determining the amplitudes of oscillation. This results in the 
introduction of a “threshold impedance" for use in determining 
the amplitudes, which is obtained by a single differentiation from 
the generalized impedance. Further direct-current rules may 
also be readily generalized for convenient use in the solution of 
oscillating-current circuits. 

A simple example is given to show the method of procedure. 
The discharge of a leaky condenser through a reactor furnishes 
a second example which better illustrates the convenience of the 
method, for numerical computations. As a third example the 
oscillation of a three-section artificial cable under particular 
terminal conditions is chosen. The algebraical portion of this 
example is given in an appendix. 

A list of symbols used will be found at the end of the paper. 


Introductory 

I N vSOLVING alternating-current networks it is convenient to 
make use of the pure imaginary, j, A sinusoidally varying 
quantity is represented by a revolving plane vector, and this 
ill turn by the expression: 


A 

A is the amplitude, and co the ‘'angular velocity” of the har¬ 
monic quantity or of the vector which represents it. When such 
expressions are combined according to the laws of algebra, true 
physical results are obtained because of the fact that harnion- 
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ically varying quantities combine in accordance with the same 
laws as does this easily handled mathematical expression. 

The use of this symbolism much simplifies the solution uf 
such circuits; and much of this simplification results from the 
translation of direct-current rules into alternating-current rules 
by a proper exchange of terms. Thus Ohm’s law is retained in 
its simplicity for the alternating-current case by the substitution 
of impedance for resistance; and the impedance of a circuit is 
defined in such a manner that the law will hold. 

In oscillating-current circuits we consider the subsidence of a. 
system from one state to another in the absence of impressed 
forces. The quantities involved vary in accordance with 
damped sinusoids. They may be represented by revolving- 
plane vectors, which shorten exponentially as they revolve. 
Such a vector may be represented by the expression : 

A e”' 

where n is a complex quantity of the form; 


n = - a + j w 

If we rewrite the expression in the form: 

A i 

it is seen to consist of the term of the alternating-current case 
m„lt.pl..d by a damping factor. In such an eLr“ssdo!; ul 
omp ex q;mntity « may be conveniently called a generalivcd 

alternatmgmmrent T^itTrsISlng 1” ““ I” T 

for resistance. ^ term impedance 

etilU^ctu^pL S Stefd^ie' T ” 

-"ZervXS 

by stating that the generated imp^crra^r^!; 

free oscillations is zero. ^ ^ closed circuit to 
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In the direct-current case the law furnishes an equation for de¬ 
termining an unknown constant. In the alternating-current 
' case it may be used also to determine the frequency if everything 
else is known. In the oscillating-current case it may be used to 
determine the unknown generalized angular velocities of os¬ 
cillation. This proposition was used by Rayleigh and Heaviside; 
and has been presented in more explicit form for convenient use 
by Eccles, Campbell, and Kennelly.t 

One example will be sufficient to 
show the convenience of the law for 
practical use. Consider the series 
circuit of Fig. 1; a condenser of 
capacitance C, discharging through 
a reactor of inductance L and re¬ 
sistance R. 

If we let n be the unknown generalized angular velocity, and 
apply the law to this circuit, we obtain 



Fig. 1—Simple Series 
Circuit 


R L n — = 0 
6 n 


From which, solving for n, there results: 

R 


n = 


2L 


± J 


a/ j_ _ (J^Y 

LC \2L) ’ 


Assuming for convenience the quantity under the radical positive, 
the angular velocity of free oscillation of this circuit is thus: 

VJ- - l-^Y 

LC \ 2 l) 

or the frequency of oscillation is 

_i_ VXrTZT" 

27r LC \2L) 

fRayleigh, Theory of vSound. 

Heaviside, Electromagnetic Theory, Vol. 2. 

Eccles, Electrician, 1915. Phys. Soc. Proc. 24, 1912. 

Campbell, Trans. A. 1. E. E., 1911. Vol. XXX, Part 11, p. 873. 
Kennelly, Proc. Institute Radio Engineers, 1915. 
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and the circuit has a decrement expressed by 


This familiar result, in which there may be three cases according' 
to the sign of the quantity under the radical, is thus arrived at 
simply by the solution of an algebraic equation, without the 
necessity of employing the calculus. 

The Amplitudes of Free Oscillation 

_ If we attempt to translate Ohm’s law in analogous manner 

in_ order to arrive at the amplitudes of oscillation, a difficulty 

anses because of the fact that there is no impressed voltage 

present in an oscillating-current circuit. The impressed voltage, 

• aT “P^dance, are both zero; and their quo- 
tient IS indeterminate. ^ 

_ There is however always an initial voltage present in such n 

StS<^enTth T ^ condenser, or to an 

initial ciment through a resistor. We seek then a function of 

the constants of the circuit, the generalized impedance Z and 

he free generalized angular velocities n which shall mve the 

amplitudes of oscillation when divided into the iStf 1 v^talm 

Such a function will be found in the expression " 


‘■ffirsUdL^peSni- ^rf^hTSLl 
osl^te^It; riSaC^e rc^^l^ 


an^the current expression accordingly, the sum of terms of the 
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where each term is formed from one of the values of n resulting 
from the solution of the equation 

Z = 0 

Z is formed for the entire circuit, considering the element ini¬ 
tially charged as the main branch. 

The proof of this second law is neccesarily long; and may well 
be omitted in a paper of this character. The ^‘threshold impe¬ 
dance” appears in papers by Heaviside.J 

When there is only a single frequency of oscillation present, as 
in the series circuit treated above, this second law is unnecessary; 
for the amplitude may be written down by inspection. In more 
involved networks, where several frequencies of oscillation exist 
simultaneously, the law furnishes a very convenient means of 
determining the amplitudes of the several terms in the solution. 

Solution of Circuits 

To completely solve an oscillating-current network, the 
method of generalized angular velocities thus requires the fol¬ 
lowing steps: 

1. Form the generalized impedance of the network, consider¬ 
ing as the main branch the element initially charged. 

2. Equate to zero, and solve for the generalized angular 

velocities of free oscillation: ni uz . 

3. Form the threshold impedance, 


and insert the roots for n found above to form a series of values 
of the threshold impedance: Ty T 2 .Tz . 

4. Divide the initial voltage E of the circuit by each of these 
values to form a corresponding set of amplitudes. 

5. Write the oscillating-current expression in the form 

i = + -p- + . . . 

i 1 ■/ 2 i 3 

fHeaviside, Electrical Papers, Vol. 2, p. 373., Electromagnetic Theory 
Vol. 2, p. 135. 

Since this paper was written, an excellent proof of the second law by 
Wagner has appeared in Archiv fur Elektrotechnik, 1916, Band IV 5/6 
Heft. 
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or more concisel3^ 


-2 


E 

T 


TV'here the summation extends over the values of n found from 
the equation, 

Z = 0 

It will be noted that in the above the generalized angular 
velocities, generalized impedances, threshold impedances and 
generalized amplitudes are all complex quantities. Upon re- 
ucing the final expression to the usual trigonometric form bv 
the use of the identity, 

'= cos CO f + j sin 01 ^ 

the imaginary portions of the expression will of necessity cancel 
out, and leave a real trigonometric expression for the current. 

mav^'b. ^ examination of oscillating-current circuits 

m^ be readily obtained by generalization. 

be foun^h^^ voltap in a distant portion of the network inav 
eLTf I "°“bining the generalized impedances of tli'e 

treated seSitelv expressions are to be 

con-espondin<^ w ® ^ generalized impedance 

volved algebraically. ” rapidly becomes in- 

of Sr;Sof “a. 

the procedure only Thesecnnrl ■ very simple, to outline 

and is solved numericallv Th 'k 

the method when se^al fmalen j ^^emplify 
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example for this purpose, is reserved because of its interest for 
separate treatment. The method as used has been checked in 
numerous cases by the use of parallel solutions of the differen¬ 
tial equation. Circuits such as that of example III have also 
been checked by the oscillograph and the artificial line at 
Harvard University. 

I. Consider the circuit of Fig. 2: a condenser of capacitance 
C, initially charged to potential E, and discharging through 
simple resistance R. 

The generalized impedance is, 


i? + 


C n 


ohms Z 


Fig. 2—Circuit of Example I Fig. 3—Circuit of Example II 
Equate to zero, solve for n, and there results, 


1 

R C 


hyp. rad./sec. 


The threshold impedance is obtained from Z by differentiation; 

dZ 1 


H z=z ft . _ 

dn Cn 

For the free value of n found, this has the value, 

1 


ohmsZ 


r = - 


< - .-V) 


= R 


ohms 


The current in the circuit is thus, 


E 




E -Fc' 


R 


amperes 
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which may be checked by inspection and is the well known 
result. 

II. As a better example, consider the network of Fig. 3; a 
condenser of capacitance C, initially charged to potential E, 
shunted by resistance R, and discharging through a coil of in¬ 
ductance L and resistance r. 

Consider the condenser as the main branch, and form the 
generalized impedance: 


Zc = ^ + 

L n 1 


— -I- - 

R ^r-\-Ln 

R + r + Ln + Rr Cn + R L Crfi 

~n{R + r + Ln) - ohms Z 


Equate to zero, and solve for n, and there results, 

( 2 T + 2^) hyp. 

' rad./sec. 

It may be noted in passing that if we had formed 7 with 
another branch, say R, as the main branch; 


— R -\- 


1 


Cn + 


r + Ln 

+ Rr C n + R L C fi^ 
1 -f- r C'n + L Cn^ ^ ~ 


ohms Z 


us^ m forming thTCl^ .dtmTedanr 
Form the threshold impedance: 
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For the sake of brevity let us now introduce the numerical 
values of the constants: 

C = 10-5 farad. 

L =0.1 henry. 
r =10 ohms. 

R = 100 ohms. 

E =100 volts. 

Substitute these values in the expressions above, and we obtain 
72 = — 550.0 zb j 835.2 
r = + 101.2 zb j 153.8 

We may now write the expression for the oscillatory current 
in the condenser, 


ic 


100 

101.2-j 153.8 


j(-550.0 835.2) ( 


*4“ - £(— 550 . 0 —y 835 . 2 ) t amoeres Z. 

^ 101.2+i 153.8 amperes A 

Note that in this expression each threshold impedance is 
associated with the term containing the generalized angular 
velocity from which it was derived. 

Reduce the expression to trigonometric form, and combine 
terms, and it becomes, 

ic = 1.089 sin (835.2 t + 0.9882) amperes. 

Suppose we now wish the current in the coil. The condenser 
current divides between the other two branches in the ratio of 
their generalized admittances. 

This ratio is, 

R . / 

— 7 —;—=—; numeric Z 

R+ {r + Ln) 

or numerically, 

0.550 zb i 0.8352 numeric Z 

Multiply the exponential expression for 4 by this ratio; 
paying due attention to signs, and the coil current results: 

4 (-j 0.5443) €(-550.0 4-i835.2)* 

+ (7 0.5443) €(-550.0-i 835.2) ^ amperes Z 
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and this may be reduced to, 


4 = 1.0886 €-550.0/ sin 835.2 25 

If we desire the voltage across the inductance L, 
4 by L?/, or by, 


amperes. 

multipl}/- 


(55.0 83.52) 

and obtain on reducing, 


ej. - 108.9 € 550.0/ sin (835.2 if - 0.9882) 

and so on. 


ohms Z 



These values are plotted in Pig. 4 . 

«■ and hence a^njle4^u^nw^^f T roots for 

example shows a caJe^ei moTe tL 

It is chosen from a series of sohtr^ °ne frequency is present, 
lumped artificial fine under sudd i oscillations of the 
three section artificial cabl '^ The 

connected at the other to a soum^f suddenly 

d illustrates the method wi4?he 1 <=hosen; as 

The method proved adequatjof expression. 

numbers of sections was 

'™P«1 Imelaadjthis type „f tmnieS”"™””''""”" 

transient. This expression, 
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compares with that of a smooth line under similar conditions, 
furnished a criterion of the value of experimental results obtained 
on the lumped line for this type of transient. A lower limit for 
the number of sections could be set if such results were to apply 
to the smooth line case with allowable error. 

If the total cable capacitance is C, and resistance R, the three 
section artificial cable is as shown in Fig. 5. 

Putting for brevity, 


C 



this circuit is equivalent to that of Fig. 6. 




Pig. 5—Three Section Artificial Fig. 6—Circuit of 

Cable Example III 


This is a case of charge, to be treated as the inverse of discharge 
from the final state attained. We are interested merely in the 
current in branch III. 

In the steady state there is a charge in condenser I with ter- 

2iJSf E 

minal voltage:-^, and in condenser II: 

If we compute the discharge current of each of these conden¬ 
sers, by the method of the previous example, and find the pro¬ 
portional part of each which passes through branch III, we 
obtain respectively, 

^ T ^ ZT 

. , E “*77 E “77 

^m = -jj ^ - -jy e amperes 


hii 


E 

6r 



6 r 



amperes 
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In the steady state there is a current in branch III of value. 


£ 

3 ). amperes 

Adding to this the negatives of the two discharge currenhs 
above gives the current in branch III due to the sudden applica- 
tion of voltage, 

^ ^_ 3 i 

37 + ■gT' « amperes 



== 


^ 2i? 




amperes 


'=«n.e fr„„ Kdvfa’s *>>e smooth line 

constants. Plowed m Pig. 7 typical 

appendix 

In . .. Algebra of Example in 
S ea , state condeaaet I (Pi,. 5, ^ 

. ■ ^‘'^‘--‘‘^sconhenaetiaeon.pntehaslr 
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Consider branch I the main branch, and form the generalized 
impedance of the network by combining the generalized imped¬ 
ance of the elements in the manner of simple resistances. 


2 . = 


c n 


+ 




ohms 


r + 


1 


c n + 


or reducing, 




+ 4r c n + S 
cn {2 r cn + S) 


ohms 


Equate to zero, solve for w, and we obtain as free generalized 
angular velocities. 


fii = - 


ni = 


1 

r c 
3 

r c 


hyp. rad./sec. 


Differentiate Zi with respect to w, multiply by n, and we 
obtain the threshold impedance. It is well to use for this pur¬ 
pose the form of Zi which is most easily differentiated. 


dn -~T^- ~(2rcn + 3r 

This threshold impedance has two values corresponding to the 
two free generalized angular velocities obtained above. Substi¬ 
tuting them in and reducing, there results. 


Ti = 2r 


T, = 


2r 

3 


ohms 


Divide the initial voltage, —by each of these values of 

the threshold impedance to give the amplitudes of oscillation of 
the discharge current: 




amperes 
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Associate these amplitudes with the corresponding generalized 
angular velocities, and we have the discharge current of con¬ 
denser I: 

■p — L p — ^lL 

• r c \ r c 

€ _l-- g amperes. 

This current divides among the several branches in proportion 
to their generalized admittances. The proportional part which 
passes through branches II and III is thus, 

numeric 


numeric 


goes through branch III. The proportional part in branch III 
is thus, 


2r + 


cn +' 


and of this the part 


c n 


r + 


c n 


numeric 


numeric. 

This ratio again has two values corresponding to the two free 
values of n. Substituting these we obtain for the ratio the 
two values, 

1 and —^ 
o 

To multiply ii by the ratio, we multiply each term by the value 
of the ratio which corresponds to the value of n already|involved 


X 


1 

c n 


2 r + ——i_ r + _ — 

,1 c n 

c n - 

r 


or 


2r cn + S 
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in the term. In this manner we obtain the portion of the dis¬ 
charge current of condenser I which passes through branch III: 

n ' — ^ ^ H ro 

nil — e — € amperes. 

The discharge of condenser II is treated in like manner. 

In this example the generalized angular velocities contain no 
imaginary part. In the more general case with inductance 
present, the generalized angular velocities are complex. The 
method of procedure is identical in the two cases; and the only 
difficulty results from the length of the expressions involved. 

List of Symbols Employed 
A = Amplitude of sinusoidally varying quantity. 
j = The pure imaginary V — 1. 

6 = Naperian base. 2.718 . . . 

CO = Angular velocity. Radians per second. 
t = Time in seconds. 

n = Generalized angular velocity. Hyperbolic ra¬ 
dians per second. Z 

a = Logarithmic decrement. , Hyperbolic radians 
per second. 

C,c = Capacitance. Farads. 

L = Inductance. Henries. 

R,r = Resistance. Ohms. 

Z = Generalized impedance. Ohms. Z 
T = Threshold impedance. Ohms. Z 
E — Initial potential. Volts. 
e = Instantaneous potential. Volts. 
i = Instantaneous current. Amperes 
Z = Sign used to denote a complex quantity. 
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Discussion on “Oscillating-Current Circuits by the 
AIethods of Generalized Angular Velocities” (Bush) 
New York, February 15 , 1917 . 

A. E. Kennelly; Mr. Bush’s paper points out a simple method 
of making the oscillating-current circuit as easily managed by 
engineers as the alternating-current circuit. The only essential 
difference is that the coefficient with which you multiply the 
mductance, or multiply the capacitance of a circuit, instead of 
being a pure j quantity, or a pure imaginary, is a complex 
quantity, which contains a real component. 

The important and new material which Dr. Bush presents 
here is the threshold impedance. By the use of this conception, 
you are enabled to obtain the initial strength of the oscillating 
current m the circuit at a time when the impedance has to be 
made zero. If you make the impedance of a circuit zero you 
^^t)le, ordinarily, _ to determine what the initial current 
strength of discharge will be; but by taking this threshold value 
of the impedance just at the time when it is about to become 
^ro (the disappea,nng value, so to speak), you are able in the 
manner in which he shows here to determine the starting-off 
natural decay, using the real part ot the 
velocity, to determine the strength of the 

is dead?^ ^ method 

vdth 5 engineers, they will be able to use it 

said the it destroys, as the author has 

tne necessity of introducing differential equations every 

tiVearlv system to deal with. I?! 

Hi-ffArf’ u 1 ^^^® we all had to start off with 

currSSthat^m^®’ the solutions of an alternating 

sa^ to VO to rhffP u 1 it unneces¬ 

sary to go_ to differential equations, we have reserved that for 

la^Y with a generalized Ohm’s 

Ohm’s law’^ second generalization and extension of 
tion“ weTktghfdL^^^^^ any reference to differential eqmt 
current circui/and nhta^ Ohm s-law equations of an oscillating- 
veSofaSthmetffi “ “®thod of 

vaSaoeIn Thii iLhnPP® i® ^°t much ad- 

a network, if ffie S of the dT P? oscillations of 

lem under’cLsideS^^^^ t^ P^oh- 

method is really based or. ^ ^ order. In fact, the 

generalized an^lar velocffWs equations. The 

tial operator D and I think an equivalent for differen- 

adopting a narrower method of dpal™^^ something in 

that of"differeS?qS??ons iSf Problems tLn 

problem, if one were n^^ pwf i I on a new 

of the system some difficulty would equations 

H. Fletcher: I woSiL to method, 

be used in cases where the e m f method can 

e.m.f. was different from the steady 
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Thornton C. Fry: I want to call attention in the first place 
to the fact that the chief element of interest in this method lies 
in the fact that it brings in the natural periods of the circuit on 
the application of the e.m.f. I don’t think there are many 
people who are interested in a-c. problems who have not known 
that the use of the generalized impedance formula, with jco, was 
also possible where the alternating e.m.f. was damped, and con¬ 
sequently dt must be replaced by a complex, as distinguished 
from a pure imaginary quantity. 

The second point that I would like to make is the fact that 
while Mr. Bush has given a proof of Heaviside’s formula from 
the point of his Fourier integral on, he did something just at 
the time of introducing his Fourier integral which is not justi¬ 
fied mathematically. He introduced an operator in the integral 
That is equivalent to a differentiation in the sine of 


sine. 


integration, or an integration in the sine of integration, or more 
generally a combination of the two; and at the same time, in 
having thrown mathematical rigor to the winds at that point, 
he would have been justified in going ahead and throwing mathe¬ 
matical rigor to the winds further, and carrying out his solution 
by purely operational methods. It is much simpler, and un¬ 
doubtedly Mr. Bush has done that for himself. The method 
simply consists in noting that the rate is itself a fraction intro¬ 
ducing D only to integral powers, and can consequently be 
expanded into a series of partial fractions. Everybody knows 
how to do that, but everybody does not know Lorentz’ series; 
and then by the theory of Lamique, with which the author seems 
to be familiar, he can perfectly well integrate each one of those 
partial fractions and come to the result that he has. This is a 
thing which is more useful for the practical man, because he 
can expand a long series of partial fractions, but he cannot know 
Lorentz’ series. Of course, Mr. Bush can do that by introducing 
his arbitrary e.m.f. as distinguished from his absolutely constant 
e.m.f. but in each case he would have to canry out his line ot 
reasoning to evaluate the residue, this function at the various 
variants in order to be able to write down his Lorentz series, 
which is entirely unnecessary by the other m^hod. 

V. Bush: On the first point, made by Mr. Fortescue perhaps 
I can give an idea of the amount of simplification which results 
from the use of this method by quoting one problem Take the 
case of an inductively-coupled circuit, which I left out of the 
paper, because I believe it is of sufficient importance to warn^t 
specia:i treatment. In that case we encounter the 
degree equation, whether we solve by differential equations o 
bv threshold impedance. But in the determination of the con- 
eiSSLn, in the dMal method w„„- 

counter fourth order determinants with complex members, 
SSels iS .ase of using the threshold impedance rt 
a question of substituting our complex_ values of the g^erahzed 
an%lar velocity into a simple algebraic expression. The work 
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for a typical circuit I believe will be much more than cut in half 
for a complete solution. 

Now, in regard to whether this method can be used for the 
study of the application of other voltages than the steady 
voltage: Heaviside, I believe, does this in a few special cases. 
I have used the method and obtained correct results in the 
study of the sudden application of an alternating e.m.f. to 
certain simple networks, but the method there rapidly becomes 
involved, so that there is no great advantage. 

Concerning the rigor of Wagner’s proof of the Heaviside 
formula: I shall be glad to study this proof again. My purpose 
in presenting it here was rather to show the limitations of the 
method than to rigorously establish it. 

^ In regard to the expansion of the operator into partial frac¬ 
tions: I think you will find that for circuits with lumped 
constants the threshold impedance method will be shorter. For 
circuits with distributed constants, to which the method can 
also be applied, an expansion in partial fractions I have found 
to be valuable; in fact, I have found it to be superior to Heavi¬ 
side’s method of expansion in power series; but for the ordinary 
network with lumped constants which we meet in practise, I 
think you will find the threshold impedance method superior, 
the difficulties being simply algebraic ones, with the greater 
part of the difficult mathematical work left out. 

A. Press (Communicated after adjournment): Mr. Bush has 
done the electrical profession a very great service in drawing 
attention to the Heaviside Symbolic Method of dealing with 
Transient, i.e., Impact Phenomena. The paper on ''Oscilla¬ 
ting Currents by the Method of Generalized Angular Velocities” 
is particularly well tirned, especially since the ''Shock Problems” 
are forcing consideration with their Transient Oscillating Cur¬ 
rents,^ whether in interconnected power circuits or in lieav}?* 
electrical machinery. However, it is highly regrettable that Mr. 
Bush did not give a more complete theoretical development of 
the Heaviside operator methods used, but rather assumed that 
his readers were, or could easily become, acquainted with them. 

A more detailed exposition would have brought out for example 
that Kirchoff’s laws are being interpreted in two totally different 
ways, which can lead to error if care is not taken. In the case 
of networks it is very important to state that Kirchoff’s laws 
really apply to iusidutancous values and it is only by means of 
peculiar extensions that a so-called "Ohms Law” very much 
similar to the direct-current law can be employed in practical 
problems. 

The basis of all such symbolic work is really the set of simul-* 
taneous differential equations linking up the current in the 
network, and from which the resolved expressions of current 
are to be derived algebraically to obtain the thre3hold impedance 
factors. Another matter dealt with is the proper expression‘for 
what Mr. Bush calls the ''Generalized Velocities ” 



1917 ] 


DISCUSSION AT NEW YORK 


225 


Undoubtedly Mr. Bush’s method will give the independent 
frequency terms but to obtain the amplitude factors it is sti 
necessary to fall back on the fundamental differential equations 
of the net-work. The paper is replete with suggestions, yet 
because the import of Heaviside methods are so little understood 
the writer takes the liberty of dilating on Mr. Bush’s work and 
incidentally gives a simple and original proof of Heavisides 
famous “Expansion Theorem”. . . • 

The Basis for Vectorial Representatwn. For a simple circuit 
with resistance and self induction the differential equation is 


if then 



—1 - 


e-iR + L 

( 1 ) \ 

1 

1 

V 

R ^ 


^ / sin CO then substituting, 

g = I sin CO / + L CO J cos CO ^ - (2) 


These are all instantaneous values and therefore equation (2) 
suggests a method of representing the relation of the two vari¬ 
ables e and 'v 

If the amplitudes I and E are to be taken, then geometrically 
one can represent the state of affairs indicated by equation ( 1 ) 

as follows: Where a is the 


angle of lag between E and 
I and is a constant of the cir¬ 
cuit depending in fact upon 
the constants occurring in the 
differential equation ( 1 ) . The 
geometric representation 
therefore is a complete solu¬ 
tion of the steady case. 
Projecting the lines E and I upon the axis-at right angles 
to the one from which co Hs reckoned one has 


E sin (to t + oc) 


I sin 10 1 



e = E sin (co if + O') 
i = I sin CO / 


and therefore it is required to show that 

e = E sin (co/ + o:) = IR sin o) t L co I cos co t (3) 

by equation (2). Developing sin (w t + a) one has by ordinary 
trigonometry 

e — E sin co t cos a E cos co t sin a = IR sin o) t + L a I cos co^ 

( 4 ) 
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If then (4) is true it will be true for co / = 0 and for co / — 7r/2. 
Thusfor co/ = 7r/2onehas 

Ecosa^IR (6) 

Again for co / = 0 one has. 

E sin Qi = L I CO 

and dividing (6) by (5) one obtains 

sin a cos a = tan a = L co/R. 

Basis for Symbolic and Exponential Representations. However, 
because we are dealing with sinusoids we have the following: 


d t 


sin CO = co. cos co t 



co^. sin CO t 



sin CO / = ■- col cos co t 



sin CO t — co^. sin co t, etc. 


so that for d/d t one can actually replace ivj, and whe re for any 

even power of j one is entitled to write ~ 

but for odd powers one must fall back upon differentiation when 

necessary. 

Thus f = f ‘j = — ly =-^ ' -Jy > because equivalently 



Equation (1) above can therefore be written algebraically 

e^ {R + L co'j) i (7) 

and from the geometric construction one can write (7) vectori- 
ally by capitalization and dotting as 

E = {R + L coy) I 

so that E and I are now vectors in the amplitude time-phase 
plane. The multipliers y here must mean that a line L co is to 
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be drawn perpendicular to R which latter is to be drawn in the 
direction of I and thereby one obtains the angle a and the 
direction of E. 

The quantity j therefore is an in¬ 
dicator how to draw the quantity 
Loo I, for L ooj I is perpendicular to 
the quantity L 

There is however, an exponential 
1 method of representation, for since 
one has the equation ( 7 ) 

e — {R L oo j) i, 



and by ordinary algebra 

~ I 


oo t 

Ti 


00^ E- oo^ , 

ZT ZT 



sin CO ^ = oo t 


co3 f co^ 


and it follows that 

A = A (cos CO ^ + j sin oo t). 

The utility of this mode of representation is important. 

Any vector such as E or I in a time-phase diagram can always 
be considered as made up of two components at right angles 
to each other. Thus choosing any datum line for co t one can 

write , . . . 

I =z I (cos oo t J sin oo t ). 

Thus when one writes A it really means 

. A (cos oo t -\r j sm oo t) = A = A 

^ Then co is the ‘'angular velocity” 

j A Sin- to t really is given by — 7 ^ = 2 tt /. 

____ Of course here the amplitude A does 

A cos u) t not vary and the vector A keeps 

the same magnitude but only varies its position in the plane. 
The current vector I before mentioned could be wiitten 

therefore , . ^ /an 

( 9 ) 

Such a wave of current would be represented by a true sine wave. 
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BusJis Generalized Exponential Representation. Supposing, 
however, that we wish to represent a decremental wave com¬ 
ponent of the following form: 



such as one has in wireless or as one has in some direct-current 
circuits when the switch is suddenly closed or opened and there 
is considerable capacity and self-induction. A wave of this 
type is represented by 


i = I e~°-^ sin co /, or 
i = I e~°'^ cos CO t 

Here counting co t as before the projection of the constant ampli¬ 
tude vector I upon the projection axis would not give the true 
instantaneous value because as t continually grows in cot it is 
necessary also to always consider the amplitude multiplying 
factor e~°‘K This can be corrected for by applying the factor 
to each position of the original amplitude vector E as in 
fact this original amplitude vector travels around. 

As a true vectorial representation one can therefore write 

I = e-o-t A (cos cot+jsmo^t) = Jc 
= Ic = Ic 

where ^ is a complex and is of the form 

= — a + j CO. 

In the diagram just given co t was drawn as a real angle. Sup¬ 
posing however, that it is assumed that in some imaginary 
geometric system complex angles of the form 

J J 

could be drawn then as the vector Ic travelled around according 
to the angular velocity j a: + co, projecting on to the projecting 
axis would actually give the time instantaneous values of i. 

The complex angular velocity should strictly speaking be 
given by dividing the complex exponent in e^^^ by j t and the 
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same thing should hold for e^K This view point as to complex 
angles is not Heavisidean but is really due to Mr. Bush in his 
paper except for the fact that a division by j t is not resorted 
to. Thus if O' = 0, the amplitude factor is 1 then, 


n — j 0 ) 


and it was seen that co was called the angular velocity and not 
i CO. 

Application of Generalized Velocity Components to Circuits, 


Now take the equation of a 



circuit in which there is capacity, 
inductance and resistance, if i is 
the current then we have as the 
voltage across the resistance, i R: 
for that across the inductance 

d i 

L -tt = n Li writing n, for d/d t\ 
d i 


but for the capacity the voltage is not so straight forward, if 
we wish to express the voltage in terms of i and C. We have 


q ^ C ec 

where q is the charge and C is the capacity in farads for an 
impressed e.m.f. ec, so that 



d Be /- • ^ 

— =nCe.,smce n = -^ 


whence 


Cc 

Cn 

The equation of a circuit in which the impressed voltage is 
zero and forms the right hand term is therefore 




( 10 ) 


Heaviside’s Treatment of Zero Operands. An equation of this 
type is to be solved in the following manner by Heaviside. If 
both sides of the equation are operated upon with what really is 

a differential operator function, (r + w L + ^ whatever 

this may mean, will give 


( 


R -Ar ri L 'V 


i,)'{ 


R + nLf- 


1 

Cn 




^jR + w L + 



-1 

•0 
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The left-hand side gives the i because any quantity (or opera¬ 
tion) in ordinary algebra when multiplied by its reciprocal is 
assumed to give unity and therefore one has 


% = 

R + nL + 


( 11 ) 


C n 


where it must now be understood that zero is the operand and 
corresponds to the impressed disrupted voltage.* 

'^Determinantal Equation". Resolution into Partial Fractions. 
vSupposing, however, the right-hand side is developed in partial 
fractions then algebraically it will be necessary to put 

i? + «L + ^ = 0 
C n 

This equation of condition is called by Heaviside the "'Determin- 
nantal Equation.’’f 

As an equation in n we will have 


n = 


R 

2L 




J 


so that by the rule for partial fractions one can write ( 11 ) as 

0 . 0 


i = ii i% — 


n + {a — j (F) n {a j co) 


( 12 ) 


But then how interpret the individual fractions ?$ 
Let us take a single term given by 




0 


w + (a — J co) 


or, [n -f (a — j co)} ri = 0 


d ij 
d t 


+ (a — j co) ii = 0. 


The solution of this last is very well known and gives 


ii == A 

*For fractions of this type compare Perry's Calculus, page 23S. 
fSee also Bush’s paper page 209. 
fSee Perry’s Calculus, page 238, 

§One.must be very careful not to treat the numerator zero, in such 
an operator function as still zero when multiplied by any function. I'o 
do so will result in wrong amplitude factors or determinantel equations. 
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o that the complete solution of the above is really 

/ = _|_ Q~ia+j(o)t I ^ ^ Q-OLt 


= A cos CO t 


Turning now to what has been called the “Generalized Angu¬ 
lar Velocity” it is in fact nothing other than what constitutes 
the roots of the Determinantal Equation in n considered as an 
ordinary algebraic equation and divided by j. This is the 
complex “Generalized Velocity” of Bush. However, n itself is 
not a generalized velocity but rather a Heaviside-Operator 
function. The actual velocity assuming the resistance to be 
sufficiently small is given by, 


i ^ ^ 
j 

/ = 


a/ 1 

L C \2L) 


1 V ^ -1 


2tv ^ LC ' 

[2l} 


where / is the frequency of the oscillations. 

Heaviside's Expansion Theorem, Engineers encounter linear 
differential equations when dealing with the “Forced Vibrations” 
of a steadily applied alternating force and “Natural Vibrations” 
set up by the shock application of some force. The latter call 
for evanescent terms which mathematically correspond to the 
“complementary function” whereas for that part corresponding 
to the steady state particular solutions are found necessary.* 
Heaviside’s Expansion Theorem is directed toward determin- 
itiK the evanescent terms in a mechanical or electrical dynamic 
system, without having to laboriously evaluate constants as 
required by the usual methods of solutionf Moreover it 
allows of semi-graphic methods of obtaining the amplitude 
coefficients in complicated and transcendental expressions, it is 
especially important in net worksj where _ make and brea' 
contacts are made. Yet on closer examination the whole com¬ 
plicated phenomenon can be looked upon a,s being due to a 
Lries of transient terms ‘X’ having their origin in the steepness' 
of the voltage curve at the make and break (really the comple¬ 
mentary solution in mathematics) plus a terin due to the steady 
variable (or non-variable) state correspondmg to -the forced 
vibration. The latter is the so-called parHcular solution. 


§See Perry, page 620. 

*See Differential Equations by Abraham Cohen, page yi. 
tSee Heaviside, E. M. T. 'V'ol. II, pages 127-129. 

tAlternate-current networks should be solved by means of Kirchott s 
Laws vide Fleming. Alternate Current Transformer, Vol. I, page ^6 . 
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For the general case with the suddenly applied voltage Eo 
impressed applied to a circuit of which the differential equation 
of current is 

' F(d).i = Eo^ (13) 

the steady state will be given by placing 6 = 0 in F (9) so that 


'^steady — 


Zo 


(14) 


where Zo means F {6) in which d is put equal to zero. To find 
the transient component X due to shock one has by (13) and (14) 


Z = 


Z 


Zo 


_ Zo-Z 
ZoZ 


(15) 


_ In general all the terms in Zo — Z will contain 6 whence di¬ 
viding by 6 one can write 


X = 


(Zo - Z)/(^Z,) 




(16) 


Now splitting up 


Zo— Z^ 
i9 Zo Z 


into partial fractions of the form 


, let-i? (0) = = Z then 


0 -\- <Xn 


6 Zo 


A 


n — 


vie) 


(m 


where dn is the nth root of the determinantal equation F {6) = 0 
regarded as an ordinary algebraic equation in (9. Since 


then replacing 0 by 
and 

therefore (p (d)„ = 


^ (6) = 

ezo 


(18) 


one of the roots it follows that F (6) = 0 



Todhunter s Integral Calculus, 7th edition, page 26. 
tThe symbol 6 is used tofd/dt. 
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As already pointed out 


6Eo/ie- e„) = £o. = Eoe«nt 


(19) 


( 20 ) 


and therefore finally, for the transient component with suddenly 
applied voltage 


Z = Eo 




dZ 

d e 


O-^On 


which expresses Heaviside’s Expansion Theorem. 

Application, A direct-current voltage is suddenly impressed 
upon a series circuit containing inductance resistance and capac¬ 
ity. The differential equation is 







% d t ■” Ejq 


E, 


t = 


Voltage 


L0 + -R + 


cd 


Impedance Operator 


Thus for the impedance operator one has 


Z = L e + R + 


Cd 


and regarding momentarily Z = 0 as an algebraic equation in 
6 the roots are 


R 

'2L 


+ 


V 


R^ 1 
4 L" L C 


R 

2L 



1 

LC 


= - 
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Thus 6 = L 6 — - 7 ^ and therefore for the transient 

a u Co 

current 

Eo.e^^^ , Eoe^-^^ 

'^z — -;- 1 - 


Ldi- 


c di 


162 - 


1 

C do 


This can be put in another form, since in developing the same, 
use was made of the equation Z = 0 in determining the roots. 
Thus 

Le, + R--^-. + 


V =_na!_ .oi t I 

2Lei+R ^2Z,02+i? 


^02 t ^ 


whence 
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MODERN PHYSICS 


by R. a. MILLIKAN 


M y position tonight is somewhat reminiscent of a story 
that my father used to be fond of telling of a Scotch 
preacher who thought that all of the italicised words in the 
Holy Writ were meant to be emphasized, and so he read: “And 
the Prophet said unto his servants, saddle me an ass, and they 
saddled him.” When one of his parishioners expostulated with 
him and told him that he didn’t think that was really what was 
meant, he, being a Scotchman, kept his own opinion, but being 
more or less politic, he said he would change it, and so the riext 
time he read; “And the Prophet said unto his servant, saddle 
me an ass, and they saddled him.” (Laughter.) 

The point of the story is that it doesn’t make any difference 
where the emphasis is placed, the situation remains entirely 
unchanged. I am, however, really glad to be saddled tomght, 
because I should like to do a little bit, if I can, towards bridging 
the chasm which we have foolishly—I had almost said idiotically 

_allowed to grow up between the physicist and the applie 

physicist, who commonly is called an engineer. The chemists 
have been very much more sensible, they have not split up 
into two groups, called chemists and applied chemists, and there is 
absolutely no more reason why we should have done so, ecause 
obviously the physicist is merely the vanguard in the a^y of 
engineers, the scout, the explorer, who is given the task of frying 
to open up new paths for human progress, of P’^ospoohng f 
new leads to nature’s gold, and it is just as 

engineer know where he is and what oing ^ ciionorts 

know where the army is which is behind and whic pp 

^Tf you have any respect for my subject or 

you will not expect me to outline in the space of one bnefjiou 

the work of modem physics. It is utterly impossible to do ^^d 

I can say that without affecting an inordinate • 

the good fortune to listen a little while ago to a series of lectures 

235 
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by our honored ex-President, Mr. Taft, on ^^The Executive 
Power,” and he said in those lectures that his friend, Mr. 
Roosevelt, had somewhere classified the Presidents of the United 
States into two groups, the first, the group that had interpreted 
the executive power broadly and exercised it largely, and the 
second, the group that had interpreted it narrowly and exercised 
it sparingly, and he said that he began the first group with Lin¬ 
coln and closed it with himself, and that he began the second 
group with Buchanan and closed it with myself—that is, with 
Mr. Taft. Then, with his inimitable chuckle, Taft said, ^^That 
reminds me of a story about a little boy who came home from 
school and said, ‘Papa, did you know I was the brightest student 
in class?’ His father replied, ‘No, I didn’t know it. When 
did the teacher tell you so?’ 

^^The boy answered, ‘The teacher didn’t tell me so, I just 
noticed it myself.’ ” (Laughter.) 

If I appear at all in what I say to have just noticed it myself, 

I beg of you at any rate to believe me that the appreciation is 
an appreciation of the subject, of the method that it uses, of 
the spirit that underlies it, and of the results that have actually 
flowed from it, and not an appreciation of any individual or 
group of individuals. 

The spirit of modern science is something relatively new in 
the world s history, and I want, as an introduction to the main 
address, to give an analysis of what it is. I want to take you 
up in an aeroplane which flies in time rather than in space, and 
look down with you upon the high peaks that distinguish the 
centuries, and let you and me see together what is the distin¬ 
guishing characteristic of this century in which we live. I think 
there will be no question at all, if you get far enough out of it 
so that you can see the woods, without having your vision 
clouded by the proximity of the trees, that the thing which is 
characteristic of our modern civilization is the spirit of scien¬ 
tific research—a spirit which first grew up in the subject of 
physics, and has spread from that to all the other subjects of 
modern scientific inquiry. 

That spirit has three elements. The first is a philosophy, 
the second is a method, and the third is a faith. Look first at 
the philosophy. I say that is new for the reason that all prim¬ 
itive peoples, and many that are not primitive, have held a 
philosophy 'that is both animastic and fatalistic. Every phe¬ 
nomenon which is at all unusual or for any reason not immed- 
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lately intelligible used to be attributed to the direct action of 
some invisible personal being. Witness the peopling of the 
woods and streams with spirits by the Greeks; the miracles and 
possession by demons of the Jews; the witchcraft manias of our 
own Puritan forefathers, only two or three hundred years ago. 

Now, that a supine fatalism results from such a philosophy is 
to be expected, for according to it everything that happens 
is the will of the gods, or the will of some more powerful beings 
than ourselves. And so, in all the ancient world, and in much 
of the modern also, three blind fates sit down in dark and deep 
inferno and weave out the fates of men. Man himself is not a 
vital agent in the march of things, he is only a speck, an atom 
which is hurled hither and thither in the play of mysterious, 
titanic uncontrollable forces. 

Now, the philosophy of physics, a philosophy which was held 
at first timidly, always tentatively, always as a mere working 
hypothesis, but yet held with ever increasing conviction from 
the time of Gallileo, when the experimental method may be said to 
have had its beginnings, clear up to the present time, is the 
exact antithesis of the above. Stated in its most sweeping form 
it holds that the universe is ultimately rationally intelligible, 
no matter how far from a complete comprehension of it we may 
now be or indeed may ever come to be. It believes in the 
absolute uniformity of nature. It views the world as a mech¬ 
anism, every part and every movement of which fits in some 
definite, invariable way, into the other parts and the other 
movements; and it sets itself the inspiring task of studying 
every phenomenon in the confident hope that the connections 
between it and other phenomena can ultimately be found. It 
will have naught of caprice in nature. It looks askance at 
mysticism in all its forms whether put forth by Dionysus in 
Greece in 300 B. C. or by the devotees of Bergson in Paris in 
1915. That is the spirit,’ the attitude, the working hypothesis of 
all modern science, and let me say that this philosophy is in no 
sense materialistic, because good, and mind, and soul, and 
moral values, which is only another word for God, these things 
are all here just as truly as are any physical objects, and with 
that kind of a creed they must simply be inside and not outside 
of this matchless mechanism. 

Second, as to the method of science, it is a method practically 
unknown to the ancient world; for that world was essentially 
subjective in all its thinking and built up its views of things 



238 


MILLIKAN: MODERN PHYSICS 


[Feb. 15 


largely by introspection. The scientific method on the other 
hand is a method which is completely objective. It is the method 
of the working hypothesis which is ready for the discard the very 
minute it fails to work. It is the method which believes in a 
minute, careful, wholly dispassionate analysis of a situation; 
and any physicist or engineer who allows the least trace of 
prejudice or preconception to enter into his study of a given 
problem violates the most sacred duty of his profession. This 
present cataclysm which has set the world back a thousand 
years in so many ways, has shown us the pitiful spectacle of 
scientists who have forgotten completely the scientific method, 
and have been controlled simply by prejudice and by precon¬ 
ception. This is no reflection on the scientific method, it merely 
means that these men have not been able to carry over the 
methods they use in their science into all the departments of 
their thinking. The world has been controlled by prejudice and 
emotionalism so long that reversions still occur, but the fact 
that these reversions occur after all does not discredit the scien¬ 
tist, or make him disbelieve in his method. Why? Simply 
because that method has worked, it is working today, and its 
promise of working tomorrow is larger than it has ever been 
before in the world’s history. Do you realize that within the 
life time of men now living, within a hundred years, or one 
hundred and thirty years at most, all the external conditions 
under which man lives his life on this earth have been more 
completely revolutionized than during all the ages of recorded 
history which proceeded? My great grandfather lived essen¬ 
tially the same kind of a life, so far as external conditions were 
concerned, as did his Assyrian prototype six thousand years 
ago. He went as far as his own legs or the legs of his horse 
could carry him. He dug his ditch, he mowed his hay, he did 
all the operations of his industrial life, with the power of his 
own two arms, or the power of his wife’s two arms, with an 
occasional lift from his horse or his ox. He carried a dried 
potato in his pocket to keep off rheumatism, and he worshiped 
his God in almost the same superstitious way. It was only in 
the beginning of the nineteenth century that the great dis¬ 
covery of the ages began to be borne in upon the consciousness 
of mankind through the' work of a few patient, indefatigable 
men who had caught the spirit which Gallileo perhaps first 
notably embodied, and passed on to Newton, to Franklin, to 
Faraday, to Maxwell, and to the other great architects of the 
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modern scientific world in which we live,—the discovery that 
man is not a pawn in a game played by higher powers, that 
his external as well as his internal destiny is in his own hands. 
You may prefer to have me call that not a discovery but a faith. 
Very well! It is the faith of the scientist, and it is a faith which 
he will tell you has been justified by works.' Take just this one 
illustration, suggested by the opening remarks of your President. 

In the mystical, fatalistic ages which preceded, electricity was 
simply the agent of inscrutable Providence; it was Elijah’s fire 
from Heaven sent down to consume the enemies of Jehovah; 
or it was Jove’s thunderbolt hurled by an angry God; and it 
was just as impious to study so direct a manifestation of God’s 
power in the world as it would be for a child to study the strap 
with which he is being punished, or the mental attributes of 
the father who is behind the strap. It was only one hundred and 
fifty years ago that Franklin sent up his famous kite, and showed 
that these thunder bolts were identical with the sparks which 
he could draw on a winters night from his cat’s back. Then, 
thirty years after that Volta found that_he_ could manufacture 
these same thunderbolts artificially by dipping dissimilar metals 
into an acid. And, thirty years farther along Oersted found 
that those same thunderbolts when tamed and running noje- 
Icssly along a wire would deflect a magnet, and with that dis¬ 
covery the electric battery was born, and the erstwhile blustering 
thunderbolts were set the inglorious task of ^ 

primarily for the convenience of womankind. Then ten years 
Jater Payday found that all he had to do to obtain a curren 
was to move a wire across the pole of a magnet, and in that 
discovery the dynamo was born, and our modern electncal age 
with its ^electric transmission of power, its electric lighting, its 
riotri? tlpKonin,. electric toaetin, electric « 

electric milking,-all that is an immediate and ^ 

sequence of that discovery—a discovery which grew out of the 
fahh of a few physicists that the most mystenous,_ most capri- 
cils and the most terrible of natural phenomena is capable of 
a rational explanation and ultimately amenable 

In that statement, I have er 

civilization of the nineteenth century. o ^ principle 

the harnessing of steam, and the development of the 

the""r vation of enexgy, and yon hanc an eprtome o the 
nrosrress of the nineteenth century. It all grew out of the ap 
?S!on if a few, a relatively few, discovene. as to the way rn 

which nature works. 



240 


MILLIKAN: MODERN PHYSICS 


[Feb. 15 


And at the end of the nineteenth century there were many of 
us physicists and engineers who thought that all the great 
discoveries had been made. It was a common statement that 
this was so. I heard it publicly made in 1894, and yet within a 
year of that time I happened to be present in Berlin at the meet- 
ing of the Physical Society at which Roentgen showed his first 
photographs, and since that time we have had a whole new 
world, the very existence of which was undreamed of before, 
opened up to our astonished eyes. We have found a world of 
electrons which underlies the world of atoms and molecules 
with which we had been familiar, and the discoveries in that world 


have poured in so rapidly within the last twenty years that there 
are no^ two decades in human history that compare at all with 
them in the rapidity of the advance. And these discoveries 
have been made too for the most part by groups of men interested 
merely in finding out how nature works. They have been 
made almost exclusively by college professors; and for ten years 
they remained the exclusive property of these professors. What 
has happened in the last ten years? The industrial world has 
fallen over itself in the endeavor to get hold of these advances, 
and by their aid it has increased ten-fold the power of the tele¬ 
phone, it has obtained four or five times as much light as we 
got a few years ago out of a given amount of electrical power, 
it has developed new kinds of transformers the existence of 
which was never dreamed of before—all these things are coming 
7 iow,^ it is not in the distant future, that we are going to find the 
applications; we have found in the last five years a great quantity 
of them, and how many more are going to come, no man can tell. 

And yet we must mot focus our attention too intently upon the 
utility of a discovery. Did you ever hear the story of what 
happened when Faraday was making before the Royal Society 
m 1831 that experiment to which your Chairman referred He 
performed his experiment, and then explained it. It was simple 
It did not look particularly interesting. One saw only a de- 

u audience said. 

But Prof. F araday, of what tise is it ?” His reply was, “Madam 

wil you tell me of what use is a new born babe?''-and what a 
reply It was? Infinite possibilities-possibilities which may 
indeed not be realized, .but at any rate something altogether new. 
Faraday did not care of what immediate use that new thing was 
the great souls who had caught the spirit of 
Galhleo. He knew that human progress depends primarily 
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Upon the growth of the human mind, the ability of man to get 
hold of nature. The utilities might come, they always do 
come, but they generally crop out as by-products, and the man 
who has got his mind fixed merely on utilities is simply the man 
who kills the hen to get the golden egg. I have just as much 
respect for utilities as you or anybody has, I believe that nothing 
is worth while except as it contributes in the end to human 
progress, but the difficulty is you cannot tell, nor can I or any¬ 
body else tell what is going to contribute to human progress. 
The thing that is important is that the human mind should grow. 
That is the sine qua non of progress. At the Capitol in Harris- 
burgh there is a picture by Sir Edwin Abbey, which is entitled, 
“Wisdom, or the Spirit of Science.” It consists of a female 
veiled figure with the forked lightnings in one hand, and in the 
other the owl and the serpent, the symbols of mystery; and 
beneath is the inscription,— 

“I am what is, what hath been and what shall be. 

My veil has been disclosed by none 

What I have brought forth is this; The sun is born.” 

It is to lighten man’s understanding, to illuminate his path 
through life, and not merely to make it easy, that science exists. 
Hence, if you ask me what are the utilities of the particular cate¬ 
gory of discoveries which I am going to run over here very rap¬ 
idly, I may be able to tell you of a good many of them, but I shall 
not try to catalogue them all, because that is not where our 
immediate interest lies, It is “where there is no vision” That 
‘.‘the people perish.” 

Finally, before launching upon the sea of recent discovery, I 
wish to make one more remark about the method of science, 
namely this: The progress of science is almost never by the 
process of revolution. You see a great deal in your news¬ 
paper headings about revolutionary discoveries. They almost 
never happen. Thus when the atom was found not to be an 
ultimate but a divisible thing, there was no revolution, there 
was not a single law that had to be given up. We had 
simply opened up a new field, tapped a new lead, found an 
unexplored region, a sub-atomic region, and all that was above 
it remained just exactly as it had been, and no chemist had any 
occasion to be disturbed, for the chemists’ laws were just as 
precise as they had been before. Sometimes we do indeed 
find that we have generalized too far, and that some law which 
we had supposed to be of universal application is limited in its 
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scope, but this does not alter the fact that the growth of science 
is in general by a process of accretion, almost never by that of 
revolution. Once in a while we have something revolutionary, 
but not often. 

Let me now run over a list of ten discoveries which I will call 
the ten most important advances of the last twenty years. I 
will not keep you long upon them, I will just touch upon them, 
because I could spend the whole evening on any one of them. 

We may aptly characterize the physics of the last twenty 
years as the physics of atomism, and the first discovery on my 
list of ten advances is the recent verification of the adumbrations 
of the Greeks regarding the atomic and the kinetic theories— 
the proof that, as Democritus had imagined 500 B. C., this 
world does indeed consist, in every part of it, of matter which is 
in violent motion. 

Up to within six years there were not a few distinguished 
scientists who withheld their allegiance even from these atomic 
and kinetic theories of matter. The most illustrious of them 
was Professor Wilhelm Ostwald, but in the preface to a new 
edition of his Outlines of Chemistry he now says frankly: 

“I am convinced that we have recently become possessed of 
experimental evidence of the discrete or grained nature of matter 
for which the atomic hypothesis sought in vain for hundreds 
and thousands of years. The isolation and counting of gaseous 
ions on the one hand.... and on the other the agreement of the 
Brownian movements with the kinetic hypothesis. . . .justify 
the most cautious scientist in now speaking of the experimental 
proof of the atomic theory of matter. The atomic hypothesis is 
thus raised to the position of scientifically well-founded theory.” 

I think you all know what the Brownian Movements are but 
I wish especially to call attention to the fact that this advance 
was made not by a practical man, but by a man who never did 
any experimental work in his life, Einstein, a mathematician, a 
man who was capable of analyzing a theory and predicting 
results, and the experimentalists have checked those results. 
The results consist in predicting how far a given particle that 
you can see in an ultra microscope will drift in a given time, and 
our own experiments have checked this prediction to within 
one-half per cent. It is that sort of evidence that has convinced 
Ostwald of the correctness of the kinetic and the atomic theories. 

The second advance is the proof of the divisibility of the atom, 
a proof which grew out of the discovery of X-rays. Let me 
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tell you how. If you have here two plates with an electric 
field between them, and nothing else but a monatomic gas like 
helium, then it is found that when the field is thrown on the 
helium is perfectly stagnant, but when a beam of X-rays is 
shot between the plates some of the molecules become electric¬ 
ally charged and begin to jump, some of them toward the upper 
plate and some toward the lower plate, where their presence can 
be detected by an electrical measuring instrument. What does 
that show? It shows that the thing which we call an atom has 
electrical charges as its constitutents; and the history of the 
last twenty years in physics has consisted pretty largely in 
determining what are the properties of these electrical constit¬ 
uents. 

The third is the discovery of radio-activity, which occurred 
just a little after the discovery of X-rays. And here again we 
found matter doing things we had never dreamed it was doing 
viz; shooting off from itself both negatively and positively 
charged particles, the negatives with a speed which may ap¬ 
proach close to the velocity of light, 186,000 miles per second, and 
positives with a speed of one-tenth of that, or 18,000 miles. ^ e 
fact that such speeds could be imparted to projectiles of any kind 


was undreamed of twenty years ago. 

The fourth discovery that I wish to mention is the discovery 
of the atomicity of electricity, the proof that the thing we call 
electricity is built up out of a definite number of specks of elec¬ 
tricity, all exactly alike, and that what we call an electrical cu^ent 
consists simply in the journey along the conductor of t 
electrical specks, which we may call with perfect 
material bodies. Now, I can give you in just a word proo 
of that statement. There are half a dozen ways ^ 

could be approached. I will mention the one with which I am 
nrost familLr, because it is the particular proof which we worked 


ouiii nt our Inbomtory. /uaa 

We took these plates with a field of 10, v 
them, with a little hole in the top plate, ^ J 

spray above the top plate so as to get an J 

body just as sroall as we could, for we expected th 
prSlL involved in blowing the spray would charge the drops 
Swas found to do. We let one of those estops come 
the snace between the plates and then moved it up and dou^n 
by"n eWcal field, throwing on the field as it ^ 

the bottom plate, and throwing it off as it approac P 
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one, and so we kept that oil drop going up and down between 
the plates, in the hope that it would capture some of the ions 
which we knew existed in the air, put there by radium or other 
agencies. The drop met our fullest expectations as a police 
officer capturing ions frequently and signalling the fact of each 
capture to the observer by the change in its speed in the field. 
For the oil drop is an electrically charged body, and in a given 
field it moves with a definite speed. If however it captures an 
ion, its charge increases or decreases, and hence its speed in¬ 
creases or decreases. If the charges on ions are all alike, then 
we can only get one particular change in speed. If the charge 
that is already upon it, put there by the frictional process, is 
built up out of these same units, then the total speed which the 
field will impart must be an exact multiple of the change in speed 
which the capture of an ion produces. In other words, if elec¬ 
tricity is atomic in structure, you cannot get in a given field 
anything except a definite number of speeds, which will make an 
arithmetical series, that is, will come up by steps, one, two, three, 
etc. That is exactly what we found. We have experimented 
with thousands of drops and scores of different substances, and 
they always work exactly that way. Both positively and 
negatively charged drops are found to act in quite the same way, 
showing that both positive and negative electrical charges are 
built up of specks of electricity. Further we can count the 
number of those specks, which we wdll call electrons, in a given 
drop, with the same certainty with which you can count the 
number of fingers that' are before you now. And again since 
Rowland showed that an electrical current is nothing but a 
charge in motion, you have here the proof that the electrical 
current that goes through these lamps, for example, is nothing 
except the motion of a certain number of electrical specks 
through or over the filament of the lamp. Add to that J. J. 
Thomson s discovery made in 1881, that an electrical charge 
possesses inertia, the only distinguishing property of matter, and 
you have made it perfectly legitimate to say that an electrical 
current in a wire is a definite, material, granular something which 
is moving along that wire. 

The fifth great discovery of modern physics is the bringing 
forward of evidence for the electrical origin of mass. I have 
just said that electricity is material. Can we turn it around, 
and say that all matter is electrical in origin? The last is not 
exactly the same as the first, and it needs evidence. When we 
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have proved that an electrical charge possesses inertia or mass 
we have not shown that there is no inertia in matter which is not 
electrical in its origin? Now we have a certain amount of evi¬ 
dence upon this point and I wish to state what that evidence is. 
We can measure the inertia of the negative electron and it is 
found to be of inertia of a hydropn atom, but^ the 
positive electron is never found with an inertia less than the iner¬ 
tia of a hydrogen atom. Let us consider the inertia of the 
negative. So long as it is moving slowly compared with the 
speed of light its inertia remains constant because the shape of 
its electromagnetic field is not appreciably distorted by its 
motion. But as soon as you imagine it to be moving with 
a speed which is close to the speed of light, that is with a speed 
which is nearly as great as the speed with which its own^ electro¬ 
magnetic field can travel forward, then further change in speed 
will distort the field and hence change the inertia. In 
other words, the inertia of a charge ought to be a function 
of speed only when the speed approaches the speed of light. 
As a matter of fact, when it is from 0.1 up to 0.9 of the speed 
of light, you can compute just how it ought to vary. Now, by 
some happy chance the physicist has found negative electrons, 

- namely those shot of by radium, which are going with these 
speeds, and hence it is possible to test our theory for these 
particles and see whether the rate of change of their inertia 
with the speed checks with the theoretical value. It is found 
that there is such a check. This means that there isn t any 
inertia in those particles which does not obey the electromag¬ 
netic laws. Therefore, we have good reason^ Jor assurmng that 
the negative electron is nothing hut a disembodied electrical charge, 
and that its inertia is wholly of electrical origin. ^ 

Now, with respect to the positive electron, we haven’t that 
evidence as yet, but it is obviously in the interest of simplicity 
to assume one kind of inertia rather than two.^ Further, we 
have a little bit of evidence of this kind, and I wish to mention 
what it is, because that will furnish an introduction to my sixth 
important modern discovery. We have good reason to thin , 
at any rate, that there is only one positive electron in the y- 
drogen atom, but that the mass, or inertia of that positive electron 
is almost the mass of the hydrogen atom—at any rate we never 
find it any less. Now if this inertia is all electrical then we knew 
from theory that the charge must be more condensed in the 
positive than in the negative, consequently, if we are going to 
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make the observed inertia of the hydrogen nucleus all electrical 
it must be even a more dense charge, that is a smaller body' 
than is the negative charge. So, we first get the picture by 
that kind of a theory of an atom which has an extraordinarily 
minute single positive nucleus, and negative electrons around 
the outside. We first got this picture by that kind of a theory, 
but we don’t depend upon that theory now, because we know that 
the conclusion is correct. We know that the atom does consist 
of a body with a positive nucleus which is extraordinarily minute, 
and we can tell just how large it is, if we define the nucleus as 
the part of the atom that js impenetrable to the alpha rays of 
radium. 

This brings me to the sixth of our discoveries namely the 
discovery of the nucleus atom. Let me give you just a brief 
statement of how we know that the atom is somewhat like a 
miniature solar system, with an extraordinarily minute nucleus, 
the size of the nucleus never being more than 1/100,000 part 
of the diameter of the atom, with a certain number of subsidiary 
bodies negative electrons—which we should liken to the 
planets, somewhere around the outside. How do we know that 
is the case? We have this direct evidence. Nature takes a 
helium atom which is going with a speed of 18,000 miles per 
second, and nature shoots that atom right through a glass wall 
without leaving any hole behind, and without in any way 
interferring with the structure of the molecules of the glass. 

I can show you photographs that make the thing so clear that 
the wayfaring man can see it, you don’t need to be a physicist. 

I will do so at the end of the hour, if there is time. This obvi¬ 
ously means that the positive nucleus itself must be extraordi¬ 
narily minute. Indeed the fact that the negative electron ac¬ 
tually shoots through those hundreds of thousands of atoms 
without ever going near enough to any constituent of those 
atoms to knock any one of them out, and the fact that the positive 
nucleus of helium, viz; the alpha particle,,shoots through even 
more molecules without being deflected at all from its course, 
causes one to wonder whether there is anything at all that is 
impenetrable to the atom. Why do we say there is a nucleus 
there? Because direct experiment says there is. There is a 
certain portion of the atom which the alpha particle itself 
cannot penetrate. If the impact is head on, the alpha particle 
goes right up to the atom and then it backs straight 
back again, or if it comes up to the atom at an angle like this it 
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socs off that way. (Illustrating.) It is only rarely that that 
happens, but Rutherford and Geiger and Marsden counted the 
percentage of alpha particles which goes straight on, and the 
percentage which goes off here, and in that manner, by per¬ 
fectly simple algebraic analysis that any one of you can under¬ 
stand, without any assumption at all except the law of inverse 
squares, which can hardly be called an assumption, at least so 
far as the attraction between the positive nucleus and the nega¬ 
tive electron is concerned we find how big that nucleus is. By 
the size of the nucleus I mean the size of that portion of the 
atom which is impenetrable to the alpha particles. It comes 
out something like 10centimeters. The diameter of the 
atom is 10“®. Furthermore, by counting how the deflections of 
the alpha particles are distributed around this sphere, which 
we can do directly with the aid of zinc sulphide spread over the 
inside of the sphere we can obtain the number of alpha Particles 
deflected through any given angle, and then with a little 
analysis of unquestionable correctness, we find how many unit 
charges, positive electrons, there are in this exceedingly small 
nucleus, and it comes out approximately one-half of the atomic 


Now, I come to another extraordinary discovery which did 
not merely tell us approximately how many electrons there are 
in the nucleus but it told us exactly how many there are and the 
result checked too with the number obtained by the foregoing 
approximate method. This brings me to the 
in the field of X-rays, and I will call the seventh of th^odern 
advances the discovery of the nature of X-rays, w ici 
virtually made by Barkla in 1904 For ^arkla and ottiers had 
proved that there are two types of X-rays, first, ^-r 1 
consist in simple ether pulses pushed off from an electr 
it changes its speed; and second so-called 
which arc formed thus. When the electrons burnp 
they set something in the target into \n . y-t 

something sends off perfectly definite characteristic X^ 
which arc like monochromatic light. So, we have tuo 
„£ X-rays, pulse X-rays, like white l iW -d -nou^; 
ctaomatic X-rays, like monochromatec light such M 
cury gives rise to. That is the seventh of onx re^t 
discoveries and it must be credited chiefly to ^arMa^ 

The eighth I will call the discovery of crystal stmetu y 
study of X-rays, which is due to Laue in Munich, and Bragg. 
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in England, The method is simply this. You know that we 
analyze light by a grating which consists of a series of equally 
spaced lines on a reflecting or transmitting surface. With such 
a device we can split light up into a spectrum but we cannot thus 
split it up unless the width of the grating space is comparable 
with the wave length of the light. In the case of X-rays, we 
had no knowledge of gratings whose grating spaces were anything 

like as small as the wave length of X-rays, in fact such gratings 

were unknown until Laue had the bright idea of using the regular 
arrangement of the atoms in a crystal for a grating to see whether 
that would not do the work, and it did the work marvelously 
well. ^ It was found that we could compute the grating space of 
certain crystals from the density and the atomic weight and then 
from the observed spectrum find the wave length’ of X-rays. 
And now knowing the wave length we can work backward and 
find the grating-space for other crystals. We are now using 
this method for finding the positions and the arrangements of 
the atoms in crystalline bodies. Prof. Bragg in his recent 
book on X-rays and crystal structure has described this work 
very beautifully. Thus a whole new field of experimentation has 
een opened up and is being pursued in a great many labora- 
tones, and with particular success by A. W. Hull at the labora¬ 
tory of the General Electric Company. There are almost un¬ 
limited possibilities for the chemist in the discovery of the exact 
portion of the atoms in any kind of crystal by this method. 

But the results of this discovery as of most of the others 
J have mentioned are rather insignificant when compared 
with those of the ninth which I am going to mention, namely the 
discovery of the relations between the elements, and the extension 

stanri, ° radiations emitted by different sub¬ 

stances. _ This discovery was made by a young Englishman only 

r'! u- ^^fortunately! 

fallen a victim to this juggernaut which is at the present time 

crusW out the finest scientific brains in the world. Moseley 

was died at the age of twenty seven a year after he made hi! 

the eternally infamous men who made this war are not to be 

YeThThad ^ Moseley’s head. 

A m ^ ® sacnficed to save a threatened civilization 

A double honor to Moseley. 

X mvs"^ whiir^ analyzing the characteristic 

y which are given off when any kind of a substance is 
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bombarded with cathode rays. The experiment was in my 
judgment as brilliantly conceived, as carefully and skillfully 
carried out, and as illuminating in its results, as any which has 
been done in the last fifty years. What he found was this, that 
the atoms of all the different substances emit radiations or 
groups of radiations which are extraordinarily similar, but that 
these radiations differ as we go from substanee to substance 
in their wave lengths. The whole discovery can be stated in 
this fashion: If you take the highest frequency emitted by a 
given atom, and if you lay down on a table a length which is equal 
to the square root of this frequency, and if on top of that you 
lay down the square root of the frequency of the atom which 
has the next lower frequency, and so if you continue to lay down, 
with one group of ends together, the measured square root 
frequencies of all the elements that you can study, then what 
have you got? You find that you have a flight of stairs, with 
perfectly definite equal treads; that is, the frequencies change by 
definite steps as you go from element to element. And there 
are only four vacant treads between the lightest element which 
Moseley could study, namely aluminum and the heaviest one, 
namely, lead, thus indicating that there are only four elements 
in this range which we have not already found. An ex¬ 
tremely interesting question is, what is the greatest common 
divisor of this series of steps, that is, what is the top step ? There 
are two ways to get at it. One is by filling all the spaces up to 
aluminum with known elements in the order of their weights— 
we cannot investigate the lighter ones by the X-ray method 
because their frequencies are too low; at least we have not yet 
found how to investigate them. Now there are just twelve 
elements below aluminum, so we may put them all in, starting 
with hydrogen. That would make hydrogen correspond to the 
top step. The second way is to find arithmetically the greatest 
common divisor of the square root frequencies. This gives us a 
frequency which is within a few per cent of the highest frequency 
which hydrogen can produce, according to Lyman’s measure¬ 
ments in the ultraviolet region of optical radiations. This 
indicates again that hydrogen is the element corresponding to 
the first step. All of this seems to mean three things, it means 
first that the X-rays of hydrogen are just its ordinary visible 
radiations; second it means that Moseley opened up a whole 
new field of radiation, beginning with the radiations of hydrogen, 
and extending up to a frequency (92)^ or 8464 times as high as 
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that given by hydrogen. I have squared 92 because 92 is the 
number of the step corresponding to uranium, the heaviest 
known element, and the one having the highest frequency in 
its characteristic X-rays. Afoseley’s discovery means in the 
third place, almost certainly, that the elements are built up one 
from another by successively adding the nucleus of the hydrogen 
atom. The probable reason for the change in frequency as the 
nucleus takes on a stronger and stronger charge is that the 
electron sending off say the highest characteristic frequency is in 
a stronger electrical field in the helium atom, for example, than 
in the hydrogen atom, and so as the charge on the nucleus goes 
up by successive steps in going from element to element fre¬ 
quencies go up by corresponding steps. 

\A'e may then picture wdth considerable confidence this whole 
physical world as built up out of one positive and one negative 
electron. The positive electron is the nucleus of the hydrogen 
atom. It is very rhinute in comparison w*th the negative, 
but much more massive. When two free positive electrons are 
tied together we have the helium atom. We don’t know why 
these positives cling together. We can assume, as an hypothesis, 
that there are four positives in helium which are held together 
by two negatives, thus leaving but two free positions as experi¬ 
ment indicates is the case. The assumption here is that in the 
nucleus one negative is capable of holding two positives. This 
assumption would make the nucleus of any atom contain a 
number of negatives equal to the atomic number and a number 
of positions equal to twice the atomic number. So much for a 
very brief and incomplete sketch of Moseley’s contribution to 
modem physics. 


My last of the great discoveries of modern physics is one that 
1 will just touch upon. It is the discovery of quantum relations 
m photo-electricity, in X-rays, and in optical spectra; but here 
I am coming to a field which we do not know very much about 
which we do not yet understand, and my main motive in intro¬ 
ducing It IS to convince you that the physicist, in spite of all 
he knows, or thinks he knows, is a fairly modest fellow, because 

T and one at 

present is the nature of radiation. However, we know some 

hmgs about it that are new. For example, it is an extraor- 
dinanly interesting fact that when light of the X-ray type or 

surfat’ of upon af ^ 

ace, or upon almost any surface, it has the property in some 
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way of taking hold of a negative electron in the atoms of that 
vSnrface and of hurling that electron out with a perfectly de¬ 
finite speed, which we can measure, and which we find to be 
exactly proportional to the frequency of the light. That is an 
extraordinary phenomenon, and it is one that we explain on a 
kind of quantum theory which I will not attempt to go into here, 
because of the fact that we have not yet worked it out fully, 
so that I cannot give you anything very definite about it; but 
at any rate, the quantum constant comes out of the photo¬ 
electric effect, as shown in my own work, out of X-ray work as 
discovered by Duane and Hunt at Harvard, and out of spectro¬ 
scope work, as shown by Bohr in the beautiful theory of the 
atom which he has developed within the last three or four years. 

I think I have brought you in this brief survey to the very 
outmost boundaries of our present knowledge. Bring me back 
ten years from now, and we will know more about these quantum 
theories; but for the present I will stop, and close this hastj 
survey of the problems and successes of modem physics with a 
few reflections which are based upon historical studies. 

At the University of Chicago I have a friend by the name of 
Braested, who is an Egyptologist. Braested tells i^^Jhat he 
and his fellow Egyptologists have proof that less than 100 years 
elapsed from the time when, about five thousand years ago, e 
Egyptians knew so little about building that the best they 
could do was to pile crude rows of uncut stone around their 
dead, to the time when some of the great pyramids_ were ui , 
structures which represent in some ways the heig o 
builder’s art, structures on which the surfacing is so perfect 
Ihat huge granite blocks eighteen fet on a s.de are j»n^ 
Lmther without cement and with not as much 1/100 of anincli 
of spLI Lywhere between them. That kind of engineering we 
do ZZo nL. luckily we do no. have to do it, but d .s douW 
if we could do it if we would. I am mentioning this to bn g 
irthe ?i;t that Egypt, at that time, got the key to a certain 
kind of development, and pushed that development to a mar 

"wXr years, when the modem industrial 

revolution set in. -t-'hp c^anie sort of a- 
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type of progress, and they developed a civilization which on the 
intellectual side, and on the artistic and aesthetic side, has 
never been equalled. The Greeks, like the Egyptians, got the 
key to a certain kind of civilization and they worked it out to 
marvelous perfection; but in neither case did these men or these 
races go on; they did not open up new fields; they did not tap 
new mines. Their civilization came to an apex, and then de¬ 
cayed, and the question has often arisen in your minds, as it 
has in mine, is this age in which we are living going to follow in 
the same way? Have we risen to a maximum? Have we had 
a period of marvelous development which is going to be followed 
by one of decay and stagnation, or are we going to ascend to 
higher and higher levels? No man can answer that question, 
but this I know and this you know, that it was wholly unneces¬ 
sary that Greek civilization, or that Egyptian civilization should 
stop when it did. If they had developed the modern scientific 
spirit, the spirit of search for new phenomena and new methods, 
they could have found them. There were plenty of new mines for 
them to tap, plenty of unexplored fields to search out. But 
they did not do it. As for us I feel just as sure as vShakespeare 
did that ^^there are still more things in heaven and earth than 
are dreamed of in our philosophy,” and if we stop, it will be 
because we have forgotten the lesson which Gallileo first tried 
to teach, and which we have been learning in the last one hundred 
years, and that is the lesson of research. It is the lesson, the 
philosophy, the method and the faith of modern physics. Thai 
IS our hope, and if we keep that, if we don’t call in our scouts 
because the rewards are larger in the applications, then I haven’t 
any doubt that our civilization will go on; and if we do call in 
our scouts here m this country, then our civilization will give 
place to that of some other country which does not do so, but 
which learns the value for the human race of the spirit of modern 
scientific research. 
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INDUSTRIAL CONTROLLERS—WITH PARTICULAR 
REFERENCE TO THE CONTROL OF DIRECT-CURRENT 

SHUNT MOTORS 


BY H. D. JAMES 
Abstract of Paper 

Stating that present day development of motors and con¬ 
trollers is such that former limitations as to regulation of starting 
current from the viewpoint of motor, controller and supply 
system have been largely removed, the author presents a senes ot 
tests on 15 and 20-h.p., 230-volt, d-c. shunt motors, started from 
rest. The motors are of two types, constant and adjustable 

These tests were made to determine: first, the load driven by 
the motor; second, the power supply; third, the raotor operation. 

From these tests the author concludes, in part; that it is practi¬ 
cal with automatic acceleration to use one switch to short-circuit 
the armature resistor used with motors as large as 15 h. P- 
the shunt held of small adjustable speed motors can be reduced 
in one step under normal load conditions (this practise can be 
safely followed up to motors of 50 h. p.); and that adjustable 
speed motors can use one step resistance for dynamic braking. 


T he present practise in industrial control is the result 
of accumulated experience extending over the past 
twenty-five years. The theory consists in analyzing the charac- 
teristics of the motor to be controlled, and designing y°ntroller 

which will furnish the characteristics ^^V'^'T'tf.dlint 
motor design. An analysis of the motor from standpo^t. 
has brought out a number of features which were not generally 

^^TlS^'anplication of the controller requires an analysis of the 
loa" Sven by .he motor, as well - : 

of the motor The controller must cause the motor t P 
Lough a cycle which is best adapted to the 

machinery to “°“4at”h° purpose in using a motor 

the minimum of attention. 
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In the early days of the d-c. motor, great care had to be taken 
in starting, and in changing the motor speed, to prevent bad 
sparking or flashing. This led to the practise of using a consider¬ 
able number of steps in the external armature resistor, to give 
a small change in amperes per step. The most common form of 
motor starter, even today, is a face plate, the design lending 
itself readily to the use of a large number of steps. Further¬ 
more, the characteristics of this starter are such that consider¬ 
able burning would result if there were a large change in current 
per step, so that a relatively large number of steps are necessary 
to protect the starter against excessive wear. 

The steady improvement in the design of motors and con¬ 
trollers has removed many of the limitations formerly existing. 
At one time the permissible starting current was seriously limited 
by the danger of disturbance to the supply voltage. The in¬ 
crease in the capacity of systems supplying power now permits 
small and medium size motors to start with twice full-load 
current, or even more, without disturbing the supply voltage. 
Many motor applications are made in factories and mills whei’e 
there is a continual change in the power demand, so that the 
starting of relatively small motors makes little difference in the 
total load. 

However, there still exists a number of applications where 
starting current is an important feature, such as elevators and 
some other apparatus used in public buildings. Printing presses, 
paper machinery and applications of similar nature, require 
special controllers to give a slow start to properly manipulate 
the product. 

Direct-current series and compound motors, as large as 20 h.p. 
are in successful operation, without the use of an external start¬ 
ing resistor. Mr. Hansen, in his paper published elsewhere in 
this issue, shows oscillograph records illustrating the starting 
of these motors. Shunt motors as large as 15 h.p. connected 
to drum controllers, short-circuiting the starting resistor in one 
step, have been in successful operation for over ten years. 

In order to get a better understanding of the conditions when 
a d-c. shunt motor is started from rest, the writer arranged for a 
number of tests on standard motors for general purposes 
equipped with automatic starters. These tests were made to 
determine the effect upon: 

First, the load driven by the motor. 

Second, the power supply. 

Third, the motor operation. 
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No tests were made upon the controller itself, as commercial 
controllers are now available which are well able to meet all 
service requirements. A magnetic contactor controller, of 
modern design, should be able to take care of any starting con¬ 
ditions which can be met by the motor, without causing undue 
wear upon any part of the controller. 

Most d-c. shunt motors, designed for general purposes, start 
with less than full load, so that the tests were made with different 
methods of loading. 

The controller was adjusted to short-circuit the starting 
resistor, while the counter e.m.f. of the motor was quite low. 
The starting current was also kept small in order to exaggerate 
the starting conditions. The armature voltage at which the re¬ 
sistance was closed can readily be seen by the notch in the coun¬ 


ter e.m.f. curve. 

This investigation covered only small motors, as these are 
typical of most of the motors used, and cover a field where very 
little application engineering work can be done. It is very 
desirable to have a simple and strong controller for these motors 
as they are often used where the operating conditions are bad 
and expert attention is not given them. ^ The^ application o 
larger motors frequently requires the investigation o e 
load conditions by engineers, who can specify the correct motor 
and controller, and modify the controller to adapt it to an> 
special requirements, if desirable. Furthermore, large motors 

usually receive better care. 

Apparatus Used, in Making Test.—An oscillo^ap 
employed in all these tests. Figs. 2 to 14 for t e - . 

were taken on a cylinder, giving the total tone ^ 

two seconds. Figs. 15 to 21 for the 15-h.p. motor ^ taken 
on a long film attachment, and the tnn. for these curves nas 

*Tntlfca:«“t?e nrotors used were standard 
wound d-c, motors. The voltage at 
a little below this value, and varied from to 22b 
The load, in all but two cases, oonsrsted of a 

slightly larger in ste ™ than that due 

The generator exerted no represent 

to friction and inertia, except where noted This 

the majority of loads ^ ^ generator was excited, 

"Tr— 

re deXCmlr torque at full speed. This condrfion more 
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nearly represents the starting of a heavy fan, or centrifugal 
pump. ^ 

The tests on all 20-h.p. motors were made with an automatic 
controller having a wiring diagram shown in Fig. 1. The 
switches used on this controller were standard type C 
contactors, of 125-ampere capacity. The first resistance switch 
was of the series lock-out type, and the second switch of 
the counter e.m.f. type. Where the resistance was cut out 
in one step, the first switch was blocked in the open position. 
With all starting resistance short-circuited the total resistance 

of the controller and motor from -f- line to - line is*~ ohms for 

the constant speed motor and ^ ohms for the adjustable speed 
motor. 



For the adjustable speed motors, a series relay was used to 
short-circuit the field resistor during acceleration. This relay 
was open when the armature resistor was short-circuited, and 
allowed the field to decrease to its minimum value. When the 
motor was at rest, the shunt-field strength was either zero or 
equal to that for the maximum speed condition. The constant 
speed shunt motor had its field disconnected in the off position, 
in all of the tests. For the internal resistance of the motors and 
controller see the curves and diagrams. 

Te^s on 20-h. p., 750-rev. per min., 230-volt, d-c.. Shunt Motor. 
ee Fig 22. Fig. 2 shows the motor started with 1.35 ohms 
external armature resistance, which was reduced to 0.35 of an 
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ohm when the counter e.mi. equalled 120 volts. The second 
step of resistance was short-circuited when the counter e.m.t. 
reached 160 volts. This is a very good record of a two-step 
automatic starter. 

Fig. 3 shows the same motor, with one ohm externa 


'200 


Fig. 



2—20-h.p. Motor—750 rev. per min.—Two-step Starting 
Resistance 1.35 Ohms 


armature resistance. The entire resistance in this case was 
short-circuited in one step. The resistance switch was not 
closed until the counter e.m.f. of the motor equalled 190 vo s. 




TIME IN SECONDS 


Fig. 3 20-h.p. Motor —750 rev. per min.—One-step Starting 

Resistance 1.00 Ohm 


This represents an adjustment which is better than can usually 
be obtained in practise. 

Fig. 4 shows the motor started with 1.35 ohms external re¬ 
sistance, the resistance being short-circuited in one step, the 
switch closing when the counter e.m.f. of the motor was 150 
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volts. This adjustment gives equal current peaks, and repre¬ 
sents a practical controller. 

Fig. 5 shows a start under the same conditions as Fig. 4, 
except that the short-circuiting switch closed at 120 volts. This 
shows a peak at the time of short-circuiting the armature re¬ 
sistance, in excess of the starting current, and represents very 



o 

Fig. 4—20-h.p. Motor—750 rev. per min.—One-step Starting 
Resistance 1.35 Ohms 

bad commercial practise. Figs. 3, 4 and 5 show very clearly the 
results obtained when the short-circuiting switch closes at dif¬ 
ferent values of counter e.m.f. 




Fig. 5 20-h.p. Motor —750 rev. per min.—One-step Starting 
Resistance 1.35 Ohms 

Pig. 6 shows a one-step start, with one ohm external ar ma ture 
resistance, the short-circuiting switch closing at about 125 volts, 
counter e.m.f. This, curve has the same adjustment for short- 
circuiting the armature resistance as Fig. 5, and shows that the 
current peaks can be made approximately the same by increasing 
the initial current. 
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Pig. 7 shows a start with .0.765 of an ohm external armature 
resistance, with one short-circuiting switch. The load on the 
motor, in this case, was a prony brake, set to give full-load 
torque. This represents a very difficult starting condition, as the 




(5 —20-H.p. Motor— 750 rev. per min.—One-step Starting 
Resistance 1.00 Ohm 


static friction of the brake is considerably in excess of full load 
torque. The start, however, was successfully made with one 
step of resistance. 

In the curves referred to, armature volts, armature amperes 
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Fig. 7- 


TIME IN SECONPS 

-‘20-H. p. Motor— 700 rev. per min. Full Load— One-step 
Starting Resistance 0.765 Ohm 

and shunt field amperes were taken from the oscillo^aph 
records. The torque curve was plotted by assuming that the 
field flux was proportional to the shunt field amperes, excep 
that the negative value of the shunt-field current, a s ar mg, 
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was neglected, and the torque curve started at zero value. 
While these assumptions are not strictly correct, they serve to 
show the characteristic shape of the torque curve. Since the 
motor was connected to the line with zero field current, it can 
be assumed that the initial torque was approximately zero, and 
independent of the armature current. This torque shows a 
gradual increase, the armature current remaining constant for a 
brief period, until sufficient torque is developed to start rotation. 
Fig. 3 shows how this torque not only increased gradually, but 
decreased again, up to the point of short-circuiting the armature 
resistance. At this instant, the torque has a momentary in¬ 
crease, and again tapers off. Some of the curves show a slight 
change in the field current at this instant, due to the transformer 
action between the armature current and the field windings. 
This momentary change in field current was neglected in plotting 
the torque curve, as it was assumed that the field flux would 
show an opposite change. 

I wish to lay special emphasis upon the characteristic shape 
of this torque curve, at the time of starting the motor from rest. 
This curve shows that the motor will start its load gradually, 
independent of the value of armature current. A heavy arma¬ 
ture current, several times the value of full-load current, can be 
used with safety, providing there is no serious effect on the volt¬ 
age of the supply circuit, which might be objectionable for 
other reasons. An easy start of the load is very desirable, as 
there usually is considerable lost motion in the gearing, or other 
mechanical connections, between the motor and its load. The 
sudden application of torque^would cause a hammer blow, and 
might injure the machinery. The sudden increase in torque, at 
the time the section of the armature resistance is short-circuited, 
is not so dangerous, as long as a positive torque is maintained, 
and there is no lost motion in the machinery. Figs. 2 and 4 
show that very little improvement can be made by using two 
switches to short-circuit the starting resistor. 

Tests on a 20-^. p., Adjustable Speed, 230-Volt, D-C., Shunt 
Motor, Having Speed Adjustment of 500 to 1500 rev. per min. {See 
Figs. 23 and 24) These tests are duplicates of the previous 
ones, except that, in some cases, the shunt-field current has an 
initial value equal to the value when the motor is operating at 
1500 rev. per min. Also, the field resistance, at the instant of 
starting the motor, is short-circuited, and again open-circuited 
at the instant of short-circuiting all of the external resistance. 
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S shows a typical start, short-circuiting the external 
armature resistance in two steps, the initial resistance being 
one uhnu and the resistance of the last step 0.25 of an ohm. 


[ 

if qJ 



H 

3 

i_ 

T1 

d 





1-^ . J_1_1_1_1_L_1_1 


i loa 

^ 0- 

H 


1 

.J 

1 











s/ 








o 

wS Ih 1 

^5 oJ 



1 

L. 


L_ 


_L_I_1_1_1_1_1 

t 



t 




M 

1 1 

1 


1 ■. 


lou 

>• 0- 


t— 


"~i— 

1 - 



~i— 

E 



E 



£ 


TIME. IN SECONDS 


lau. S 20m. V . Motor TtOO-IoOO kkv. pick min. Full Load—Two-step 
vStaktinc; Resistance , 1.00 ohm 

'Hu* lirst, KwiU'h closed ;it approximately 125 volts and the 
.si‘C(»nd switch uL 175 volts, counter c.m.f. It is evident, from 
this curve, that the second step of starting resistance was not 
neces.sary, 

TIME IN SECONDS 

r wrm' 11 M 11 1 '-t 



Fn,. <» 21).H. V . Motok - .'iOO-mOO Kiiv. I'liR min. -Two-.step Starting 

Resistance 1.50 Ohms 

Ihg. 0 shows a similar two-iioint starter, having an initial 
nsisliince of 1.5 ohms, the second step of resistance being 0.25 

rifaiiohiii. 

Figs. 10 and 11 show similar starts, with 0.705 ohms external 
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resistance. In these two tests the armature resistance is short- 
circuited in one step. 

Fig. 12 shows a single-step start, with the same amount of 



TIME IN SECONDS 


Fig. 10—20-h. p. Motor—500-1500 rev, per min.—One-step Starting 
Resistance 0.765 Ohms 


armature resistance (0.765 ohms), but with the generator loaded, 
so that it developed full-load torque, at full speed. 

Fig. 13 shows a start under similar conditions, except that 
the motor was loaded with a prony brake, giving full-load 
torque. 



Fig. 11—20-h. p. Motor—500-1500 rev. per min.—One-step Starting 
—Resistance 0.765 Ohms 

Fig. 14 shows a single-step start, having an armature resistance 
of 1.5 ohms, the short-circuiting switch closing at about 140 
volts, counter e.m.f., giving equal starting and short-circuiting 
current peaks. 
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These curves differ from the preceding set in characteristic 
shape, after the armature resistance has been short-circuited. 
This is due to a gradual decrease in the shunt field strength, 
with a corresponding increase in the armature current. This 



12 20-h. Motor —500-1500 rev. per min. Full Load—One-step 

Starting Resistance 0.76 Ohm 


change in held strength and current is gradual, and it does not 
seem necessary to use automatic means for delaying this change 
in field strength. 

Different methods of loading the motor do not show much 




Pig, 13-—20-h. p. Motor—500-1500 rev. per min. Full Load— One-step 
Starting Resistance 0.765 Ohms 

change in the current peak when the resistance is short-circuited. 
This is largely dependent upon the value of the counter e.m.f. 
at the time of short-circuiting the starting resistance. In none 
of the tests was this peak excessive. 
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Tests on a 15-h.p., 2S0-VoU, 400 to 1600 rev. per min., D-C., 
Shunt Motor. {See Figs. 25 and 26). A number of tests were 
made on this motor, using a controller connected as shown in 
Fig. 27. In these tests the motor was belted to a generator a 



Fig. 14 20~h.p. Motor 500-1500 rev. per min.—One-step St.4rting 
Resistance 1.5 Ohms 


little larger than the motor. The only load to be overcome was 
that due to friction and inertia. 

The controller differs from that shown in Fig. 1 in the con¬ 
nections to the shunt field relay. In this case a “fluttering” or 
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Fig. 15—15-h.p. Motor— 400-1600 rev. per min. 


"yibrating” relay was substituted for the series switch. Pro¬ 
vision IS made for keeping these relay contacts closed during 
acceleration, by using more ampere turns on the relay during 
this period. (See Fig. 27.) ^ 
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This fluttering relay is arranged to close its contacts when 
the current exceeds a fixed value, and to open the contacts when 
the current is reduced below this value. The difference between 
the closing and opening values, of current is about 10 per cent. 




TIME IN SECONDS 


Fig. 16—15-h.p. Motor—400-1600 rev. per min. 

The object of the relay is to control the weakening of the shunt 
field during the period of acceleration from 400 rev. per min. 
to a higher speed, depending upon the setting of the field rheostat. 
It operates in a similar manner to a voltage regulator. The 



Fig. 17—15-h.p. Motor —400-1600 rev. per min. 


relay contacts short’•circuit the field rheostat, the rapid cutting 
inland out of the field rheostat tending to retard the weakening 
of the shunt field. 

Tests shown by Figs. 15, 16 and.17 indicate that the action 
of such a relay is not very smooth. When this principle is 
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applied to the exciter of a large d-c. generator, the pulsations 
are damped out to a considerably greater extent. Moreover, 
the parts of the voltage regulator are lighter and the regulator 
is much quicker in its operation, and much more sensitive to a 
change in current. 



TIME IN SECONDS 


Fig. 18 15-h.p. Motor—400-1600 rev. per min. 

By comparing these curves with the preceding curves, made 
on a three-to-one adjustable speed motor, it will be seen that 
the armature current and torque are considerably more dis¬ 
turbed w hen the relay is used, than in the cases where this relay 
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Fig. 19—15-h.p. Motor—400-1600 rev. per min 


IS omrtted. It would, therefore, seem unwise to add this com¬ 
plication to the average small motor. 

There is another objection to the use of this relay. If we 
consider the above motor operating at 1600 rev. per min and 
qmcklj move the field rheostat to reduce the motor speh to 
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1200 rev. per min., the motor will regenerate and cause a heavy 
reverse current to flow. This excess current will lift the flutter¬ 
ing relay and short-circuit the field rheostat. This action still 
further increases the field strength of the motor and causes an 



Fig. 20—15-h.p. Motor—40*0-1600 rev. per min. 


increase in the armature current. The action of the relay in 
this case is the reverse of its operation during acceleration, 
and has a very undesirable effect. 

In order to correct this difficulty, a second relay known as a 



Fig. 21—15-ti.P. Motor—400-1600 rev. per min. 


“transfer” relay has been used. This relay has a compound 
winding so arranged that it reverses the connections to the 
fluttering relay when the motor regenerates. In order to properly 
protect the motor it is, therefore, necessary to use two relays 
instead of one. Controllers for paper calenders, printing presses 
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and other applications having motor-operatedjjfield rheostats, 
can use the fluttering relay without a transfer relay, as the 
movement of the fleld rheostat is slow. 

Dynamic Braking. This same 15-h.p. four-to-one adjustable 
speed motor was arranged for dynamic braking. The connec¬ 
tions were such that the field rheostat could be short-circuited 
during the period of braking. Pigs. 18 and 19 show the braking 
characteristics with the field strength remaining constant and 
the motor operating at 1600 rev. per min. when the dynamic 
brake was applied. The drift in this case was considerable. 



PER MIN. 


as the motor was belted to a generator and there was very little 
iriction to assist in bringing the load to rest. 

Pigs. 20 and 21 show dynamic braking with exactly the 
same conditions as the two previous curves, except the field 
rheostat was short-circuited during this braking period The 
action of the shunt field in this case is very interesting The in¬ 
crease in the field strength maintained the armature current at 
tion °^er a considerable part of the retarda- 

tarLj effn f t sustained re- 

^ f “'^icates that the action on an adjustable 

speed motor gives very satisfactory results without the use of 
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additional steps in the dynamic brake resistance. Under normal 
operating conditions the friction load would be sufficient to 
bring the motor quickly to rest from the low speed. In the ab¬ 
sence of considerable friction a mechanical brake should be used 
to obtain a quick stop, as very little dynamic braking can be 
obtained when the motor reaches low speeds. 

Summary of Tests 

1. It seems unnecessary, with automatic acceleration, to 
use more than one switch to short-circuit the armature resistor 
used with small motors except where special requirements are to 



FLD. AMPS. 

23—Low-Speed—20-h.p. Motor—230-Volts 500 1500 rev, 

PER MIN. 


be'^met. I believe it is practicable to use one switch with mo- 
tors as large as 15 h.p. for general purposes, and operate this 
switch by counter e.m.f., setting the switch to close at 75 per 


cent of normal voltage. 

2. If the motor field is zero, or has a small value, when the 
line switch is closed, the starting torque is also zero or has only 
a small value and it will increase gradually so that the moto , 
or its load, will not be subjected to a heavy shock or jar when 

the lost motion in the drive is taken up. 

3 The shunt field of small adjustable speed motors can be 
reduced in one step under normal load conditions without fear 
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of undue torque or current. I believe this practise can be safely 
followed with 50-h.p. motors and perhaps larger. This covers 
the usual range of sizes for this type of motor. 

I believe that most machine tool motors are always started 
light. Under this condition the motor can be started success¬ 
fully with minimum field strength and the field relay omitted. 
This will enable us to use the same controller for constant speed 
and adjustable speed motors supplying a separately mounted 
field rheostat for the latter. 

4. Adjustable speed motors can use one step of resistance 
for dynamic braking as the change in field strength tends to 



SipeS ^ considerable range 

erls the motor regen- 

very sLtt ^™^hesrWs^th^?^^^^V° is 

ort. these tests the time did not exceed three seconds. 

New Problems 

field thanThelSrol of StitSfl ^ ^®^tile 

discussion covers only a few of “*otors. The foregoing 

writer has observed 
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a momentary reverse torque of the motor. It is important to see 
that all interlocks or relays connected to the shunt field resistance 
are so arranged that they cannot cause a momentary reveme 
torque of the motor. After a positive torque has been applied 
to machinery, and all of the lost motion taken up, it is seldom 
that any part of the apparatus is injured, even if the driving 
torque varies over a considerable range, provided this torque 
is always positive. A slight negative torque allows lost motion 
to occur, and is apt to break some part of the apparatus, due to 
the hammering blow effect, when the positive torque is resumed. 



Fig. 25 -Low-SPEED- 15 .H.r. Motor-230 Volts-400-1609 rev, 


This reverse torque may also be caused by a drop in the line 
XTbelow th’e counL e.m.f. of the motor, or rt may occur 

due to a rapid movement of the field rheostat. strength 

Trouble may also result from increasing the field strength 

of I motor when it it disconnected from the Ime^ 

“ “d ”0 a^tme from 

:r^ne,iratr:ame time — .h^«" 
maximum value, the voltage acros ^ voltave unless 

will rise to something over three “""f, 

te armature is slowed down very qmcldy. It can. readily he 


272 


JAMES: INDUSTRIAL CONTROLLERS 


[Feb. 16 


seen that a 500-volt motor, having over 1*700 volts across its 
brushes, is apt to flash across at some part of its insulation and 
untimately be damaged. This rise of voltage has actually been 



Fig. 26 High-Speed 15-h.p. Motor—230 Volts—400-1600 rev 

PER MIN. 


observed, and care must be taken not to manipulate the shunt 
neld so as to cause it. 

The use of dynamic braking introduces a good many inter¬ 
esting problems, both mechanica' and electrical. The additional 



■pir- 97 T^ ReW Rheostat 

Diagram of Connections 


eating effect on the motor is well known Tba pt l 

is no't so wellTnJer: 

-a.. 
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The whole field of controller engineering presents many 
opportunities for the investigator. It has many problems that 
have not yet been solved, and I believe that engineers should 
not take the existing practise in controller engineering for 
granted, but study each application in a thorough manner, 
and design as simple a controller as possible for the work. 

The author wishes to acknowledge the assistance of Professor 
D. Rowell, of Purdue University, in analyzing some of these 
curves and in making suggestions for future tests. 
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ANALYSIS OF STARTING CHARACTERISTICS OF 
DIRECT-CURRENT MOTORS 


BY K. L. HANSEN 


Abstract of Paper 

In this paper are derived the mathematical expressions for the 
current, speed, torque and power at any time during the acceler¬ 
ating period when a shunt, series or compound motor is connected 
to a supply line. 

T he determination of the torque required to accelerate a 
given mass to any desired speed in a given time is a problem 
frequently met with in engineering practise. It has been shown 
in text books* on mechanics, that the speed of a revolving mass 
after a time of t seconds is 


Z07.5 XTaXt 

rev. per mm. = - py ^ - V'*-! 

where Ta = accelerating torque in pounds at one foot radius 
W = weight in pounds 
G = radius of gyration in feet. 

Formula (1) holds only when the torque remains constant. In 
d-c. motors the torque is constant only when the current and 
flux remain constant. In many applications, especially where 
a smooth acceleration is required, as for example in starting trains, 
street cars, elevators, etc., this condition is approximately re¬ 
alized by gradually cutting out the starting resistance. With a 
sufficiently large resistance and a great number of steps, the 
current may be limited to a given percentage above normal (as 
20 per cent or 25 per cent) and the torque may be considered 

constant. . , . , , u- j. • 

There are, however, many applications in which the object is 

to accelerate as rapidly as the motors will stand, and the starting 
resistance has only a few steps or is left out altogether. In 

275 
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such cases it is evident that the current and torque do not re¬ 
main constant, and formula (1) would not hold. When a motor 
is thrown directly on the line or the starting resistance is low, 
the starting current may reach a value many times the normal 
current. Jt is then not sufficient merely to know the time re¬ 
quired to accelerate to a certain speed, but the power developed 
by the windings must be determined to insure that dangerous 
o^mrloads are not reached. There are, moreover, many indus¬ 
trial operations where the motor is started and reversed at 
frequent intervals and the power required for acceleration may 
be a considerable portion of the total load. In such cases it is 


necessary to know the r.m.s. value of the current in order to 
choose a motor with proper capacity and avoid excessive heating. 

The problem then is to obtain mathematical expressions for 
the current, speed, torque and power at any time during the 
accelerating period when a motor is connected to a supply cir- 
cmt.^ Closely connected with this, is the problem of dynamic 
braking where a revolving mass is brought to a stop by dissi¬ 
pating part of the stored energy in a resistance through which 
the armature windings have been short-circuited. • Another ap¬ 
plication involving both phases of the problem is the flywheel 
motor-generator set, in which electrical energy is converted into 
mechamcal energy and partly stored in a flywheel. At peak 
loads the stored energy is again converted into electrical energy. 

Approximations of the speed, torque and current curves during 
the acceleration may be obtained by assuming the torque con- 
stant for a small period of time. The speed and current at the 
end of this penod may then be calculated, and the torque based 
on this new value of the current again assumed constant for a 
sma peno A sufficient number of points may be obtained by 
the d calculation to draw the curves. This method hJs 

the disadvantage, however, that it does not show at a glance the 
relation which the quantities entering into the problem bear to 
on. ano her, jrd the way in which a change in one or „or“ S 

m e at a more general solution. 


OHUNT Motors 


It has been shown in numerous text books and articles on 
armature reaction in d-c. machir.f>c +nof arucies on 

art c-effi whet ZlTs 

no load neutral. There is, however, a distortion 
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of the main field under load due to cross-magnetization, and as the 
teeth and pole tips are usually saturated to some extent, the in¬ 
crease in flux on one side of the pole is less than the reduction on 
the other. The net result is then a decrease in the total flux 
per pole under load. In commutating-pole motors where rela¬ 
tively small air gaps are used, it is customary to supply a compen¬ 
sating winding in order to insure stability. It will be assumed 
that this winding is just about sufficient to compensate the flux 
reduction due to distortion, and the flux may be considered 
constant. 

When the terminals of a shunt motor are connected with the 
supply line, the impressed voltage must be balanced by the 
counter e.m.f. due to resistance and the counter e.m.f. due to 
rotation. If R be the resistance of all circuits in series, the first 
of these is R i. The counter e.m.f. of rotation is expressed by 
the formula 

BXTXct>X KX rev. per min. 

^ ” 6 X 10® 


where B = number of commutator bars 

T = number of turns in series per commutator bar 
(j) = flux per pole in kilolines 

K = 2 in multiple wound armatures 

== number of poles in two-circuit-wound armatures. 

As previously stated, when the torque is constant, the acceler¬ 
ation is constant, and the speed is directly proportional to the 
accelerating torque and the time. When the torque is not con¬ 
stant the speed is no longer proportional to the time, but the 
time rate of change in speed is proportional to the accelerating 
torque and if 5 be the number of revolutions per minute; 

dS __ 307.5 X Tg /g) 

dt WXG^ 


when starting from standstill the speed at any time t is 


5 = 


307.5 

WXG^ 


I 


Ta d t 


( 4 ) 


The accelerating torque is the difference between the 
torque developed by the motor windings and the counter torque. 
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The torque developed by the windings expressed in pounds at 
one foot radius is 


Torque = 


BXTX^XKXia 
8.52 X W 


(6) 


Where 4 is the armature current and the remaining symbols 
have the same meaning as in the counter e.m.f. formula. 

The counter torque Tc consists of bearing friction, windage, 
hysteresis and the friction load. The friction load may be ap¬ 
proximately constant or may vary with the speed, according to 
some law, in which case it can be expressed as a function of the 
speed. Assume first, the counter torque to be constant; the ac¬ 
celerating torque then is 


Ta 


BXTX4>XKXia 
8.52 X 10^ 


( 6 ) 


Substitute formula (6) in speed formula (4) 


307.5 r/BXTX(t>XKXia 
WXG^ J \ 8.52 X 10^ 


-r.) 


d t 


( 7 ) 


Substituting formula (7) for rev. per min. in formula (2) for 
induced volts, we get 

_6X(BXTX(i)XKy 
^ 1011 XWXG^ 

0 



f“5.l2XBXTX(l>XK 
J 10^ XWXG^ 


( 8 ) 


Let Ki 


6X {B XT X (t> X KY ^ _5.12XBX(I>XKXT 
XWXG^ ^ 10^ XWX G^ 


The e.m.f. equation may then be written:— 


E = R.ia 'j- 


r 

I iadt — 


K, 



(9) 


Equation (9) is not complete because it does not take into 
account the counter e.m.f. of self induction and the mutual in¬ 
duction between the shunt and compensating coil. It will be 
shown later that the effect of these is of so short duration, com- 
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pared with time to accelerate to full speed, that, except in special 
cases, they may be omitted. 

Differentiating equation (9) with respect to t to free it from 
integral sign, 

+ K,ia- = Q 

a t 


Dividing by R and transposing, 

d %(i . R 1 

H- 'la 


d t 


R 


R 


A linear differential equation of first order integrated by the 
equation 


la ^ 




Ki 


Ki 




R 


where ^ is a constant of integration. 
Integrating and reducing we have 


la 


El 

Ki 


T. + Ae 


If ia = lo when t = 0 then 


lo- 


K, 

K, 


and 


la 


K, 

Ki 


r.+ (/.-4Lr,) 


Ki 


E 


when starting from a standstill Iq = and therefore 


K2 ^ f E K2 rp \ 


Kx 


( 10 ) 


After a theoretically infinite (but practically very short) time 

the term containing the factor e ^ becomes equal to zero and 
K 2 


the current becomes 


Ki 


Tc, which is the current required to 


develop full-load torque. From the value of the current, the 
speed and torque and power output can easily be calculated- 



seconds, the r.m.s, or efrectiv?tSit of tS"cuient^S ^ seconds and the shut down for I, 
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If the counter torque Tc is neglected, formula (10) reduces to 

Kx . 


E “ 
% e 


( 11 ) 


The instantaneous value of the power input is 

m 

P.-Si.= ^e (12) 

The total watt-seconds energy to bring the motor up to speed 
is 



T_ g 

The total energy expended in heating the windings is 



- AL 

~ 2 Ki 


The instantaneous value of the power output is 

Ki 2^1 

, . -■r‘ 

and the total energy developed by the motor windings is 



£2 ^ 
TT ~ 2 Ki~ 2 Ki 


( 13 ) 
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which is the energy stored in the revolving parts. If T is 
negligible the counter e.m.f. at full speed becomes equal to. the 
impressed e.m.f. Substituting the values of E (or e) and iTi in 

this formula and multiplying by ^ to convert from watt-sec¬ 
onds to foot-pounds, we have 


Foot-Pounds - (rev. per min .)2 X W X 


2 X 32.2 


X 


[MlA- per min.V 
\ 60 / 


X(?XW (14) 


w ich IS the usual expression for the energy stored in a revolv¬ 
ing mass. Hence the total energy input is divided in two halves 

hflff r expended in heating the windings and the other 

half stored in the rotating mass. 

atiXnf arrived at directly from physical consider- 

frtVHn 1 ^ running at no load and that the 

faction losses are negligible. The counter e.m.f. is equal to the 

fromTr rnotor terminals are disconnected 

tlrviS ®^°’'t-circuited upon themselves, the momen¬ 

tary value of the short-circuit current (neglecting self-induction) 

IS The torque developed by the motor windings now be- 

“mltair^fr decelerating torque, and if a constant flux 
IsXn . ; '"'"7 to zero in the same manner 

W?!n f «till to full speed. The copper 

ItZ 11 tu T""' """ the deceler- 

sinaterS '^hich the stored energy can be dis- 

zerfto fSl s''n ? accelerating from 

zero to full speed, the energy stored in the moving parts is there¬ 
fore equal to the energy dissipated in the resistance. While the 
copper losses in the two cases are the same, from the standpoint 
of commutation, the condition is much more severe when the 

Ztr 1 -d the motor brought to a stop 

he induced voltage and current are in that case a maximum at 
the same instant and the maximum power is much greatT 
As an illustration, consider a 5-h.p., 230-volt, 525-rev. oer 

'^th the following characteristics: i? = 1 8 .S 
= 111, r = 6 and $ = 840. 
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Constant Torque. Assume the moment of inertia of the arma¬ 
ture and load = W X = 75 
TTpticp 

6 X dll X 6 X 840 X4)^ ^ 4 
■^1 “ 10“ X 75 

5.12 X 2,240,000 _ f;, 

" 10^^<75 

Tc = 50 

Armature current at full load-^J T. = 19-2 amperes 

— 

From ( 10 ) we get: ia = (128— 19.2) e 19-2 



The current, speed and power curves are shown in Fig. 1 
plotted against time in seconds, as abscissa 

Assuming now that a resistance is inserted to limit the starting 
current to approximately three times the full-load cumenh 
This would require a total resistance of four ohms or an extern^ 
resistance of 2.2 ohms. The curves are shown in 
be noticed that the maximum power output when the resista 
is cut out is almost as great as when no resistance was used In 
order to limit the power output the resistance must b 

So farcin this discussion it has been assumed that the counter 
torque was constant. In practise it may be approximately con- 
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stant or may vary with the speed in a great variety of ways, 
giving rise to many interesting problems. It may vary period¬ 
ically becoming zero at regular intervals, and it may become 
negative or in the same direction as the motor torque through 
part of the cycle. 

Varying Counter Torque. As an illustration of a case in which 
the torque is some function of the speed assume that the torque 
varies as the square of the speed. A direct-connected fan is an 
example of this, because the air pressure and consequently the 
torque varies as the square of the speed. 

The counter torque may then be expressed as the product of 
a constant and the square of the speed thus: 

T,= CS^ 



and the accelerating torque becomes 


Ta 


^ BXTx<i>XKXi„ 
8.52 X 105 


- C ^ 


( 16 ) 


Substituting then in formula ( 15 ) the value of S, 


e X 6 X 108 
BXTX4>XK ~ 


{E-Ri^) X 6 X 10® 
~-tiXTX4>XK 


Ta 


BXTx 4>XKXia 
8.52 X 108 


V iE,- R ia) X 6 X 10n‘ } 

LExT^Ofy^J j- 
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As in ( 3 ) the time-rate of change of speed equals accelerating 
torque: . 

d s 307.5 ^BXTX4>XKXia 
dt WXG^ 1 8.52 X 105 


r{E-Ria) X 6 X 105^1. 
BXTX4>XK J) 


( 16 ) 


As before the sum of the induced volts and the R ia drop must 
be equal to the impressed volts thus: 


F _ I BXTXcl>XK 

E - Rta+ 6 X 10® 


Differentiating with respect to t 

7? d ia , BXTX4>XK ^ ^ 
H ^ 6 X 10« dt 


Substituting 


the value 


of 

a t 


^Tj + 


307.5 . . BXTX<j>XK 

W X 6 X 10® 


j B X TX4>XKi a 
( 8.52 X 10® 


^r (£-i?4) X6XlO ®Ti ^0 
B XTX(f>XK J i 


Multiplying and reducing 


^di. . 6X{BXTX±y^ 
^-dj+ 


1.845 X 10® 


TFXG^X£X7’X<^>Xi!C 

P,X (Bxfx<t>XKy 

now let Ki --" 10^^ XW X(? 


C{E- R iaY = 0 
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and Ki = 


1.845 XWXC 
BXTX4>XKXWXG^ 


+ Kxi,- K^{E- R iaY = 0 


i? ^ - 1^2 £2 + (iSTi + 2 isTa i? £) 4 - R^ iY = 0 


JR. d 


— dt 


-K2E^+ (Ki + 2 K 2 RE) ia-K2 ia^ 

Let K^E^ — Ki + 2 K 2 RE = 2 b, JR} — c, and substitute, 

__ 7 , 

+ 2bia-cia^'~ 

Multiplying numerator and denominator by c, 

_ Rdcig _ 

— d c 2 b cig — i(^ ^ 

adding and subtracting b^ in the denominator, 

__ Rd cig _ 

ly^-ac- (cH^-2bcia + = - dt 

d {da — b) = dciab being a constant, hence 


Rd {cig — b) 


— — d t 


b^ — ac - {cig — by 
r> I d {c ig — b) , 

J ^-ac - {cig- by ^ constant of integration = - t ( 17 ) 
The expression under the integral sign is of the form 

— X 

which is integrated by —= _L loo- P + 
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Integrating ( 17 ) 

2 y/b^—ac L Vb^~ a c—(da—b)-i 


Let constant of integration = — -— , — log A 

2 Nb^ — ac 

and we have 

^ L VW^C- (da- 5) J * 


2 V&2 


— a c (dg - b) _ ^ g 
Vft® — a c — (c 4 — &) 


2 V&a - a c ^ 


( 18 ) 


Now when / = 0 i — and 


A = 


\/52- ac + 


R\/b^— a c — c E + b R 
Solving equation (18) for ia 


2 \/b^ - ac 


A € 


'^a 


cil + A e 


(V ^2 _ a c -|- 6) — Vb^ — a c+b (19) 


2 


Using same illustration as before C X ( 525 )^- 50 . C 0.000182 
Ki = 4, Ki = 0.00199, o = 105 5 = 2.83 c = 0.00642 
Vb^ - ac = 2.705, A = 0.148 and substituting in (19) and 
reducing 

0.817 €-3 i + 0.125 _ 

~ 0.00642 (1+0.148 e-^'j 

The curves are shown in Fig. 3. The current decreases md the 
speed rises more rapidly than with constant torque, but the dn- 
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ference is not very marked because the counter torque is small 
compared with the motor torque. 

If, as before, we assume an external resistance of 2.2 ohms 
inserted in the armature circuit, we have 

R = 4, = 4, iTa = 0.00199, a = 105, b = 3.85 

c = 0.0318, A = 0.25 

then % = —— ^ ^ + 0.47 

0.0318(1+0.25 6-1-69') 

_ The curves are shown in Fig. 4 and it will be noticed that the 
difference between these and the ones shown im Pig. 2 is more 
pronounced. 



In general when a motor is thrown directly on the line the 

itrT ‘-ten with and withoui a SctL„ 

load is hardly noticeable, the shape of the curves and time re¬ 
quired for acceleration being determined almost entirely by the 

CSL ™ins 

Series Motors 

as^fu?ctLTof°thfcii“ expressed 

tn. can 

as _ 4>i 
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Where cf> is the flux per ampere at low density. A still closer 
approximation can be obtained if a constant a is substituted 
for 1, thus 

$ = 

d b i 


Substituting this value of the flux in formula (5) the torque 
becomes, 


Torque = 


BXTXKXcj>Xi^ 
8^52 X IQS X (a + & i) 


and if the counter torque be neglected, the speed is 


Rev. per min. 


307.5 XB XTXKX6 j i^dt 
” 8.52 XWXWXG^ Sa + ii 



Substituting these values of flux and speed in formula (2) we 
have for induced volts 


QX(BXTXKX4>y 


Let 


10" X W X 

axiBxTxKxcj^y 


i C d t 

a b i \ a bi 


10 " XWXG^ 

The e.m.f. equation then becomes 

„ • I -^1 i C d t ^ 

^ a-\-bija-\-bi 

Dividing by 


= 


E 
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Differentiating with respect to t: 




a + hi 


a E ^ 
i^ d t 


Dividing by 


/h a R , R \di , ^ (d^ E h a jE\ d i 

+ —) “ 1“ + ~ir) Tt 


Transposing: 


/h‘^ R . h a,R . h a E . d E\ di . ^ ^ 


: Jf+i.£r4' 


J 


+ 




- . ha R ha E E , „ 

i-Rlog,-- - —-—+Ka-A 


t = 


, , h a R h aE ^ cd E 

^ + _T- + _ + __ 


( 20 ) 

If log i is taken to the base 10, the last term must be multi¬ 
plied by —^ = 2.31 thus: 

logio ^ 


t = 


A + R h a E a? 
i ~2V T 
ZT 


E 


2.31&2i?logio* 


( 21 ) 
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The constant of integration A is found from the initial con¬ 


dition when t = 0 i — 


£ 

R 


Assume that the shunt and compensating coils have been re¬ 
moved and the motor supplied with a series field of 100 turns 
per coil. The resistance of the main circuit will be changed to 
2.3 ohms, and the following constants are found from the satur¬ 
ation curve: 

</) = 56, o = 0.62, b = 0.041 



Hence 

J,. . A - 0.0169 


0.0169 + 
t =- 


0.0584 


i 


2.92 , 29.5 

—Y- H-^— 0.0089 logio t 

' 2 / 'I/ 

__ 


The curves are shown in Fig. 5 and it will be noticed that 
compared with the shunt machine. Fig. 1, the current falls more 
rapidly at the start, due to the heavy torque, but the approach 
to the final value is more gradual as the flux decreases with the 
current. It will be further noticed that the speed rises above 
normal and, under the assumption made of no counter torque, 
would continue to rise. This is a condition which of course 
would not be likely to occur in practise, as a series motor should 
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never be applied where there is a possibility that its load may be 
entirely removed. If a counter torque, corresponding to the full- 
load torque had been assumed, the first part of the curves would 
not be greatly modified, but at about 0.6 or 0.7 of a second, the 
speed and power curves bend rather sharply, and gradually £ip- 
proach their final values. 

The curves also indicate that in case of compound motors with 
the usual amount of compounding, it is sufficiently accurate to 
use an average value of the flux and assume it constant over the 
accelerating period. 

Compound Motors 

Effect of Self and Mutual Induction Considered. It has been 
stated that the effect of self and mutual induction is usually not 
sufficient to appreciably modify the curves. There are cases, 
however, in which the peak value of the current may be reduced 
considerably by self-induction, and while the mutual induction 
between the shunt and series coils has practically no effect on 
the acceleration, it is interesting to note the change in the shunt- 
field current due to the main current. The discussion of the 
self and mutual induction is best taken up in connection udth 
the study of the compound motor, because the series field is 
strong enough to have marked effect on the shunt-field current. 

It has already been pointed out that when the flux va.ries 
over a small range, an average constant value of the flux can be 
used, and the counter e.m.f. due to rotation is as befoi'c (neg¬ 
lecting counter torque), 



Let Li = coefficient of self induction of main circuit, Ez = co- 
efficient of self induction of shunt field, M = mutual induction 
between main circuit and shunt field, rj — resistance of sluint 
field. 

We have for the differential equation of main circuit: 

+ Ria + d t = E ( 22 ) 

and for the differential equation of shunt-field circuit. 


( 23 ) 
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Differentiating equation (22) with respect to t, to free it from 
integral sign, 

+ + = 0 (24) 


In symbolic notation, equations (23) and (24) may be written: 

' L^D^ia + MDHf + RD ia ia = 0 
Lt2 D ij M D ia At Tf if = £ 

As the operator D obeys the commutative and distributive laws 
of algebra, these equations can be treated algebraically thus: 

(LiD^^ + RD + Ki) ia + MDHf ^0 
ikf D ia (•Z-'2 D “{“ r/) if = 

eliminating if 

{LiD^+RD + Ki) MD^ 4=0 

MD UD+ff E {L2D + rf) 

expanding the determinants 

[(LiLs- M^) D^+ (L 2 R + Lirf)D^+ (L2X1 + r/i?) D 

+ r/ X 1 ] 4=0 

Let L 1 L 2 - = Mu L 2 R + Lirf== M 2 , L 2 Ki + rfR 

= Mz, TfKi = Mi 

the auxiliary equation becomes 

MiD^ + M2D^ + MzD + Mi = 0 

This cubic can be solved algebraically by Cardan s method, 
but it is usually easier to substitute the numerical values of the 
coefficients and solve by Horner’s method of approximation. 

If au a 2 , as, are the roots of the cubic, the solution of the dif- 
feretitial equation is 

ia = Ai + A 2 + Az €^ 3 / (25) 

where -<4 1 -4 2 s-nd A 3 are constants of integration. 

■ The term can then be expressed as a function of the 

at 

time / {i) and if substituted in equation (23) it becomes 

L 2 ^ + Tfif = E- f {t) 
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a linear equation of first degree, the solution of which is 
1 _ lZ_ C — 

The self induction of the main circuit of a d-c. machine when 
the field is excited to a point somewhat above the knee of the satu¬ 
ration curve, is due almost entirely to the distortion of'the main 
field and is nearly constant over a wide range in armature current. 
It does, however, decrease with the saturation of the main field. 
With no field excitation the flux set up by the armature m.m.f. 
can be estimated, and the number of interlinkages of this flux 
with the armature conductors divided by the square of the num¬ 
ber of circuits in parallel is the coefficient of self induction. The 
field excited by self induction is estimated in the same way ex¬ 
cept that the saturation must be taken into account. The self 
induction of the series field is usually very small compared with 
that of the armature. 

When the armature current of a compound motor is suddenly 
increased, the effect on the magnetic circuit is two-fold. The 
series field tends to increase the flux and the cross-magnetization 
of the armature tends to decrease it. If the net result is to 
increase the flux, and it usually is in a compound motor, an e.m.f. 
will be set up in the shunt field of such direction as to momen¬ 
tarily reduce the field current or even reverse it. The flux does 
not increase uniformity, however, but increases rapidly at the 
start and becomes almost constant for large values of the current. 
The mutual induction is therefore not constant, but as the total 
change in flux is comparatively small, it is sufficiently accurate 
- to use an average value and consider it so. 

A 7 i-h.p., 230-volt, 1150-rev. per min. motor has the fol¬ 
lowing constants : 

Li = 0.012, M = 0.13, L 2 = 40, R = 0.58, r/ = 410, 4 > 

= 765,5 = 99, r - 4 

Let moment of inertia = X = 130 ft-lb. 

We then have 

Li U- M^ = 0.463, L2R + L,r, = 28.12, U K^+^fR 

= 265.4 rf Kx = 282 

and the auxiliary equation is 

0.463 + 28.12 + 265.4 D + 282 = 0 
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The roots of this equation are 


and 


- 1.22 ~ 11.5 


- 47.8 




= - 0.158^1 €-1-22 ( _ 1.4942€-“-5<- 6.2^8€-*7.8i 

substituting in equation (23) 


+ rf if = E + 0.158^1 e-i-22' 


Solving 


_jy_ 

ij. =z e Ti 


+ 1.49^2 + 6.2^3 e-^7.8^ 

E 


■' J^e ‘ L~£’ 


+ 0.0372^2 + 0-155^3 e-^7.8jJ^;( 

Integrating and multiplying out 


i = + 0.000435 Ai e-J-22< - 0.031 A 2 e-n ®' 

rf 

- 0.00413^3 


The e.m.f. due to rotation is 

e = K^jia dt = E- (^U^-^ + M^^+Ria) 

Substituting the value of ia and i/ 

e = 230 - 0.5663 Ai e" 1 - 22 :' - 0.4877 A^ e-n-S' 

- 0 . 0257^3 6 “'^’ ®' 

-E „ 

Now when i = 0 ia = 0 I'f — ® 0 
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and we have for equations of integration constants 


Ai A 2 As — 0 

0.000435 ^1 - 0.031 A^ - 0.00413 As = 0 
0.5663 .4 1 + 0.4877^2 + 0.0257^3 = 230 


solving these equations 


Hence 


V 


Ax = 372, A 2 = 63, ^3 = - 435 

4=372 e- 1-22' + 63 e"”-®'- 435 
0.56 + 0.162 e-4-22<_ 1.95 g-ii. 5 ( q_ ^ g g- 47 . 8 / 



The curves are shown in Pig. 6 and it will be noticed that the 
disCTepancy between the calculated and tested shunt amperes is 
rather marked, due to the fact the mutual induction is not con¬ 
stant as was assumed. 


In Fig. 7 are shown the calculated and tested curves with the 
flywheel effect reduced to approximately 35 and 6 ft-lb. With 
a starting resistance of one ohm being inserted in series with the 
armaturCj formula (1) becomes: 


'Z'fl — 14b €~ 
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In many applications of self-starting motors the shunt field is 
not excited before the armature circuit is closed, but the two are 
connected to the supply line simultaneously. It is evident that 
in all such cases the series field must be depended on to supply 
the accelerating torque at the start, because not only does it 



take the shunt-field current an appreciable time to reach its full 
value due to its high self-induction, but at the instant the switch 
is closed it rises in the opposite direction on account of trans¬ 
former action of series field. An exact mathematical solution is 
complicated, but a composite curve can be made up considering 



the motor as series wound at the start and compound when 
apprrchLg the final condition. The 

Fig. 9 were taken with the armature and shunt-field circu 

closed simultaneously. those of 

A striking resemblance between these "1“^ 
the condenser charge is apparent, an sue 
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expected. In the condenser charge the potential at the con¬ 
denser terminals is proportional to f.- d ty and the stored energy 


to e?, where e is the final value of the terminal voltage. With 
constant fiux the counter e.m.f. of a rotating motor armature is 


- Line of Armature Current 



Pig. 9-Starting Tests on P.-230-Volt-1 150-rev. per min.— 
Compound Motor 

Shunt field-self excited—no-load condition—130-lb. flywheel cfTect. 

proportional to dt and the energy stored in the revolvin^r 

therefore to 

the square of the voltage. 

and h SsaiSo general positive 

re no real positive root, having no changes of 

50f 

-—^ Line of A rmature Currp nt- 



2'A 2% 2 % 


F.O. T..„ _ 

no-load condition—li.O-lb. 

term that is negative °'^Thr* opposite that of the last 

imaginary. In case of a oai> negative or 

terms would appear in the form two of the 

Ai e “1+30 ^ 

onometriftoSl^^^^^^^^ ^e^exponential and trig- 

cos /? + 52 sin /?) 
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That is, speed and current will oscillate slightly about their 
normal values, but will quickly settle if a constant flux is main¬ 
tained. If, however, the compensating field is not strong enough 
to keep the flux from decreasing with load, and the resistance 
drop not sufficient to offset the decrease in flux, the motor has 
a rising speed curve. With the moment of inertia exceeding a 
certain value under these conditions, the current and speed will 
continue to oscillate and the operation is unstable. The oscillo¬ 
grams in Fig. 10 were taken without the series field in the circuit 
and the unstable condition is plainly shown. The current rises 
to approximately 100 amperes then decreases and reverses 
reaching approximately 25 amperes in the opposite direction, 



Zero Line of Armature Current . 


... ---— 

^..--''^'-Armature Current 

_^ ^ Shunt Field Current 

Zero Line of Shunt Field Current 

__ > ■ ■ ■ ■ ■ t 1 .4 , , 

. Zero Time 


lymvvwvvvwvvvwwt^ 

'c 

0.2 o!4 0 6 

SECONDS 

0.8 1.0 


:0 4l 
:08d 

’i-ei 


Fig. 11— Starting Tests on 7^-h.p.— 230-Volt—USO-rev. per min.— 

Compound Motor 

No-load oondilion-polley removed-series field removed-shrmt field excited to 
volts separate source—220 volts applied to armature. 

repeating the cycle about every 3 seconds. The speed rises 
to approximately 20 per cent above normal. 

The oscillograms in Fig. 11 were also taken with the senes 
field left out. In this case the flux decreases with increasing 
armature current and the direction of the voltage generated m 
the field winding is such as to increase the field 
of decreasing it. It will be noticed that the field current 
momentarily to almost three times its normal value. It is 
interesting to note the effect of this on the' armature cunent and 
the acceleration. The armature current decreases rapidly until 
the shunt field has fallen to its normal value when the weakening 
If tS shown by the shatp b«.d in the etmatnte entrant 
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Discussion on “Industrial Controllers—With Particular 
Reference to the Control of Direct-Current Shunt 

Motors (James), Analysis of Starting Characteristics 

OF Direct-Current Motors” (Hansen), New York 
February 16 , 1917 . j; okk, 

been brought out in the 
paper,_ that on curves showing the starting with one or two steps 
of resistance in nearly every case there is an interval at thi 
beginning where the motor remains at rest, during which tiine 
building up to a value sufficient to overcome the 
static fnction. The armature current during this time apparently 
increases to a final steady value, which we would naturally sup^ 
pose could be calculated by Ohm’s law, that is, the line voltage 
divided by the total resistance in the circuit. These curves m 
reproduction are rather too small to read accurately, but measure¬ 
ments made as closely as possible indicate all through that the 
obtamed by means of the oscillograph “TcSsSeibt 

£ th^drS resistoMe 

phenomenon is not self evident 
without some further experimental data. There may be sTme 
“o? resistance included in the circuit between the gS- 
thf transformer action between 

fnr L ^ compensating and other series windings 

for the shunt-field current is rising during this interval which 

i^iilhTif armature current. Howeve^lt 

ather hard to say just how much effect this would have -not 
knowing the constants of the motor. Also, ire is a sHvht 
possibility of low voltage. Mr. Tames states thft thl 
varied between 220 and 225 or 230 

. These cmves then must have been made under some such con- 
itions as these; low voltage, extra high line resistance or on 
motor showing a transformer action between the windings If 

linl 

l££ls*° tkan are showi ra’'lh2 

for general purposes, we have to deal with motors of aH tvncf 

UgHttafS SoSr? TOljtfST'tr”’" "" 
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called upon to start under load, as for instance, reciprocatmg 
pumps, and the like. The principal point to remember is that 
if we have a counter e.m.f. switch, or any type of series accel¬ 
erating switch, set so as not to cut out the resistance until the 
counter e.m.f. has reached 75 per cent of line voltage, we must 
presume either a light load or high initial starting current If 
kich a controller, which has been. adjusted for light load, is 
thereafter required to start a motor at full torque, it will require 
some readiustment of the switch in order to accomplish u, and 
the starting peak will be consequently much higher than those 

shown giggle step of starting resistance is 

therefore higher starting peaks, m many instances even 
th^n those fndicated in the curves. This at once suggests the 
necessity for time element overloads in many “stances, and in 
Se ° we may expect serious line disturbances and other 

‘'■p'Saps sonre reduction should be pj^e ^ “Saf w1 
shoSld gofo trltto ao“celerating switch for motors 

as large ^15 or 20 hp_ ^ ty Up. 

TamtfanUr. kansen that it is prfeoUy 

d-c. motors with a single step in "2ted Sout any 

series and compound motors may 

resistance J^Xis latter^procedure can usually be 

small low-voltage motors this latter pro ^notor. With 

followed without danger whh most any p-t^^^ 

motors for higher voltages that is, ^ 

500, 550, or to Ud to harmful motor flashing 

the same procedure is li^ole method of starting 

unless special view of the simplicity of the 

in the design of th® viell worth some effort on the 

starting method, it “ -^g possible, and it may, 

part of the motor briefly some of the prin- 

therefore, be m order to “f eharacteristics. 

cipal factors influencing the flash g establish an 

In order to obtain sary fitst, to have arcing at 

electric arc, it is in most n voltage between com- 

the brushes, ^^nd second, to entirely around the 

mutator segmei^s to -u^cement of an appreciable arc at tbe 

brush is largely There are, however, several 

under normal during transient conditions 

causes for esta,blishing connected to the line. The 

existing after “°^°^^^^„gEterpoles, coil shields and other 

eddy currents in the establishment of the mterpole 

parts frequently ^ ^ se that for a short space of 

0 . to fll its fupctmn 
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properlyFurthemore, jt has to be considered that sudden 
changes in the main flux induce a sparking voltage in the coils 
under the brushes by transformer action and that the interpoles 
are not designed to take care of such sparking voltages. The 
voltage between segments required for carrying the spark over 
is pverned by a number of factors during^ transient conditions 
following changes in the motor connections.' Part of this voltao'e 
IS induced by rotation and governed by the strength of the am- 
gap flux. The maximum air-gap densities, in turn, are laro-ely 
influenced by the amount of armature distortion. This distor¬ 
tion IS usually much larger after control changes, because the 
armature cross field goes usually through laminated iron and is 
not influenced by any damping effects of the solid frame and 
shunt-field windings. This permits it to build up much quicker 
than the mam field which is under the damping influence of solid 
core portions and the shunt field. The current peaks existing 
after throwing the motor on the line, as shown in the two papers 
further tend to increase the distortion so that very high local 
densities, and voltage between segments, are possible. Other 
factors which temporanly increase the voltage between segments 
is the self-mductive voltage of the armature coils which is induced 
establishment of the current peaks and the voltage 

LeSihe Lutrlr ^ armature coils 

near the neutral. These various factors are of different itn- 

various types of motors and under different 

fl are often materially affected by apparently 
small changes in the motor design. ^ apparently 

In starting a series motor, for instance, from standstill with 
smaU resistance in its_ circuit, the field wfll fohow the current 
increase quickly and induces by transformer action hiirh volt 

sfllhT alUoasIS" 

tendencies in this case while a srrinU f increase the flashing 

fields may reduce it A cWe^fth the 

■“SSuTTcT" 'T“StorSy' ““ 

is usually less diiSlT “■’“'I 

account of its toS effeoT shSu I T 

These motoui, ewSllv “““ 

the uialn field fton. bufidlig «P SSwhiXJ” 
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induction of the armature permits current peaks and large cross 
fields, which are quickly established. The high voltage induced 
by rotation in the strong portions of the cross held, together with 
the self-induction voltage of the armature coils may cause volt¬ 
ages between segments sufficient to cause flashing, tor this 
reason the control of shunt motors should nearly always be 
arranged to open the armature resistance switch before reclosing 
the line switch after a power interraption. In compound inotors 
this flashing can largely be eliminated by the proper relation 
between thS shunt and series field and by 
of resistance and self inductance m the shunt fields. A large 
number of commutator segments, proper ‘innensiomn^ of the 
field noles and a great many other design factors enter into t 
ifohSn A careful study of all these features for the purpose of 
extending the use of simple control arrangements to rnotors of 
wS voltages and larger rating seeins well worth wh^. “d 
while the two papers do not deal directly with this problem they 
<dve material iid formulas which can be used to good advantage 

as a basis for investigations along these lines^ UTnUed number 
R G. Widdows: Mr. James has presented a bmited numoe 

of test curves obtained on one constant-speed and two adjus 

aile sUd rS,tU and from 

and sweeping deductions which 

The constant-speed rnotor is conn seconds from 

inertia that ff ^ ^ sp?5^^^ tSfuiotmis some- 

l!lT“;il£'av£age practise for a motor of this horse.power 

all know that in closing a P^’^^^^^wd^^to the inducted 
mum current will not be reac ® ^ speed is increasing at the 

of ae “Its current peak 

same time that ^be cument s stalled also if the motor is 

will be lower thari if the current caused by short-cir- 

accelerating rapidly, the pea ^ motor is 

cuiting the starting resistance will be less man 

“?rp^JkVo?:Sre„t due to the 

S SSr^Svtag rh?gh“nertm load than in the case of a motor 

driving a load of relatively low ^ fo. 

The author states that inost d a perhaps, 

general purposes start ^?th less t pi^iy being adopted' 

tue and while automatic d-c. motors 

as standard by The fact remains that at the 

regardless of the ‘“f “"“Stroto is almost certain to be 
present time an automatic con . ^^hile a some- 

selected for a controllers are used with 

what smaller PfP.T-»“l^te^Sly accelerated. 
““SSlh^nSito of accelerating points on an antomahc 
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controller might appeal to the controller manufacturer as 
allowing him to cheapen his product, and while such a starter 
may be satisfactory in many cases, there will be a very laro-e 
number of cases where dissatisfaction will result due to high 
peaks of current. These high peaks of current may re.su]t in 
flashing at the commutator and will certainly prevent o-iving 
proper overload protection to the motor as the circuit breaker 
must be set high enough so that it will not trip out on these peaks. 
Time-limit overload relays have recentlybeen developed and these 
may overcome this objection in some cases, but there are other 
cases where instantaneous interruption of the circuit is demanded 
when an overload occurs. 

It may be contended that automatic starters having the 
smallest possible number of acceleration points should be used 
in cases where no harmful results will follow and that starters 
with a greater number of accelerating points should be used for 
cases where they are required._ This would mean that the con¬ 
troller manufacturer must be informed of the exact load condi- 
tions in every case, which is not practical, and the user would 
suffer from the lack of standardization of the controlling an- 
paratus which would prevent switching around motors and^coii- 
trollers from one machine to another as desired in the plant . 

In the case of punches, presses, shears, most wood-working 
machinery and other high-speed drives, it has been found that 
So contactors are usually required up to If) h p 

2-0 volts and four acceleration contactors from 20 to 30 h n and 
flve acceleration contactors should be used on larger £zes I 

on th^ciffcontroller manufacturer should endeavor to be 
on the safe side as no harmful results can result from having more 
steps of acceleration than are actually required. ^ 

small^scX''tL?T^ f unfortunately on such a 

:hYw?r£-hTTS" 

motor IS used with external resistance of n 't ^ 

an initial peak of only 120 amnprpQ if ' oknis which gives 
of 140 amperes shown in Pit ® ^ assume that the peak 

volts on a total resistante^of^Pfssed voltage of 220 
resistance of the motor and the ^®fves 0.57 olnns for 

value in the case of Pief 7 it leads. If we substitute this 

current would be 164 amperesTnttid b?lSt^ Initial starting 
Comparing Figs. 2 ^“Percs as shovvn. 

contactors, the motor was nut that using two acceleration 
case of a sinSeroSetor “ the 

been still further reduced if the period would have 

had been adjusted tSse nt ^h f®^^ contactors in Pig. 2 
have been permissible since the re value. This would 

value than the initial starting pe^ ‘‘™ 'o™'' 

. In general I wo„M say that the 'mpre acceleration contactors 
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used, the shorter will be the time of acceleration with the same 
limitation of current peaks as compared with the starter having 
fewer steps. 

Automatic control is becoming so generally used, principally 
because it increases production, and this is secured by rapid safe 
acceleration and deceleration of the motor. It does not seem a 
step ill the right direction to retard production to make a slight 
saving in the cost of the controlling apparatus. Referring to Fig. 
8 the author says that from this curve the second step of starting 
resistance is not necessary. The low-current values at which 
the acceleration contactors close are not usual and in the case of 
a motor requiring full-load torque to accelerate its load, the 
resistance contactors would never close, also it would appear 
that in this case the load was of extremely low inertia as the 
motor reached a speed of 500 rev. per min. in about two-fifths 


of a second. 

With reference to the two methods shown for inserting field 
resistance in the shunt field of adjustable-speed motors, we are 
told that “By comparing these curves with the pre¬ 
ceding curves made on a three-to-one adjustable-speed motor, 
it will be seen that the armature current and torque are con¬ 
siderably more disturbed when the relay is used than in the 
cases where this relay is omitted. It would seem therefore, un¬ 
wise to add this complication to every small motor.’’ 

The author’s deductions would be more convincing if the 
curves he asks us to compare were not made with two motors of 
different horse-power sizes, different speed ranges and with 
Tjossiblc widely different characteristics. 

Experience, based on the application of several thousand au- 
tomatic controllers to all kinds of industrial drives indicates 
that inserting the field rheostat resistance in a single step, will be 
satisfactory if the increase in armature .speed follows closely 
the change in field strength. If, however, the load is of hig 
inertia, the field strength will change rapid^ly while the armature 
speed will increase slowly with the result that high peaks will be 
had when the field resistance is inserted and this would be elim- 
inn ted with the field-rheostat relay, • i i • v-f- 

The author advocates a single step of ' 

ance for adjustable-speed motors relying upon the pdual in¬ 
crease in field strength when the field rheostat is short-circuited, 
in order to maintain a high dynamic braking torque. 

The armature current during dynamic braking 
tained at a fairly constant value, if the armature decelerates at 
aW the same hte as the field flux increases. If he fieW flux 
changes more rapidly than the armature spee , g 

d,,a 

braking resistance would be required for “O^ors hawn ™en 
speed ringes, but of the same horse-power size. Jhis wouM me 
tLt a controller designed say tor a 20-h.p., 500-1500 rev. per 
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min. motor when used with a 20-h.p., 500-1000-rev. per min. 
motor would give a much lower value of dynamic braking cur¬ 
rent than the motor could safely stand, loss of time being the 
result. Also, a controller designed for the 500-1500 rev. per min. 
motor and to limit the dynamic braking peak to a safe value 
when set for maximum speed would give a lower value of 
dynamic braking current when adjusted for any speed lower 
than this. 


The use of graduated dynamic braking where the accelerating 
contactors are used as decelerating contactors to step out the 
resistance during dynamic braking, permits the field current to 
remain unchanged and maintains the dynamic braking current 
and consequently the dynamic braking torque at a high average 
value. The same apparatus may be used equally well with con¬ 
stant or variable-speed motors and the armature will be brought 
to a standstill even when driving a high-inertia load and without 
any appreciable friction load, with practically no tapering off of 
the dynamic braking action at low speeds. 

In his summary, the author suggests that in the case of ma¬ 
chine-tool motors which are started light, the motor can ]:>e 
started successfully with minimum field strength and the field 
relay omitted. This no doubt will be satisfactory as far as pro¬ 
tection to the motor is concerned, but the acceleration would be 
slower than if the field relay were used and from the standj)oint 
’this is not desirable. It is not necessary to omit 
the field relay so as to enable the manufacturer to supply the 
san^ controller for constant-speed and adjustable-speed motors 
as the held relay can be mounted on the rheostat panel, and this is 
st^dard practise with some controller manufacturers. 

• Referring to the improvements in motor de- 

sign, It is quite possible to design a motor that will stand any 
sort or control, that is, within reasonable limitations. The 

controllers 

^able for motors having charactenstics with which he is not 
makes necessary various devices which might be 

welf Sig^S moto?'®' "octroi of an especially 

af cutting down the number of steps in the 

starting resistance which Mr. James especially advocates I 
would say that while there is no necessity of using a very laruc 

r Mr. James’ conclusions that 

ne step of resistance is entirely satisfactory, as a general nr(')Tjn 

^tion for motors of 15 h.p. At the same time two man/stens' 

^ “^terial. Where too many steios are 

than’th ^ mquired to close the contactors might be longer 
than the penod necessary to tatisfactorily accelerate the motot 

MSiPi 
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With reference to the motor starting conditions mentioned 
by Mr. James, I do not consider it safe to assume that in most 
cases motors are started without any connected load or 
at least with a negligible load. The controller designer must 
make standard equipments to meet average conditions and it 
would be unsafe to assume that there would be no load at start¬ 
ing ; in many cases this would result in serious trouble. 

There is one point that I do not think has been yet brought 
out, that is, frequently, especially in machine tool applications, 
it is especially desirable to accelerate the motor as rapidly as 
possible. This generally requires more than one starting step 
and in all cases, full field at starting. The very small starting 
torque shown in Mr. James’ tests would mean an excessive time 
in getting the motor up to full speed. There are also many 
applications where frequent and quick reversal is required^ and 
this would be impossible if the field is not constantly maintained. 
The use of dynamic braking advocated by Mr.^ Janies, would 
not be easily accomplished if the field is de-energized in the off 

position” as he also advocates. ^ j 4 . 4 .t, . ^ 4 . 

I have gone over Mr. James’ curves and find that there must 
have been a great deal more permanent resistance 
ture circuit than given in his data. In the case of the 20-h.p. 
constant-speed motor, the data state that this permanent resist¬ 
ance was 0.25 ohm. Analyses of the curves indicates that this 
figure was about 0.6 ohm. In the case of the^ 15- .p. mo 
data show 0.34 ohm; the average value obtained by calculation 
from the curves indicates that this value was actually 0.9 ohm. 
While this increase in the permanent resistance would only 
sliehtly cut down the maximum value of the initial starting 
current peak, it would enormously reduce the maxirnum value 
of the last or final peak. Calculations indicate that m many 
cases the last peaks would have been twice as great if the per¬ 
manent resistance was as shown in the data presen^ted Ar^- 
ments based on these tests and curves could not lead to any 

permanent 

serious bearing on the question as 5®his exce^si^^ 

field relay was necessary or nob The f theS 

resistance would also cut down the variable-speed 

resistance was short-circuited, as in the tests on 

“fcSmot agree in Mr. James' 

ing” field relay is «™"<®StaSelneefSotor Withont tie 
made on the three-to-one adjustable speed 

“fluttering’; relay .^"J'^excessive pe^nanent resistance 

as I have just mentioned, the excessive pe 

would reduce the curre^ , slreadv mentioned that 

resistance, feeondly, “t. ™aows i^atea^mmM ^ 
it is hardly fair to assize that becajise a tnr 
could be started successfully without a held reiay, a 
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motor could also be started without such a relay. To amplify 
Mr. Widdows’ statement, it is well to keep in mind that the 
inertia of'the motor armature increases with square of the speed, 
and therefore it is obvious that the energy required to accelerate a 
four-to-one motor from basic speed to full speed would be nearly 
twice as great as that required for a three-to-one motor. It is 
unfortunate that Mr. James’ paper did not include tests and 
curves showing the acceleration of a four-to-one motor without 
a fluttering relay instead of drawing conclusions from the tests 
on the three-to-one motor. 

There is one point in the paper against the use of the fluttering 
relay in that this relay will cause trouble in case the hand- 
operated field rheostat is turned too quickly, and Mr. James 
prescribes another special relay to cure the trouble. In my 
opinion, the operator is not at all liable to move the rheostat ’ 
quickly enough to cause any damage to the motor or connected 
load. 

I would comment on the conclusions tabulated in the paper 
under ‘ ‘ Summary of Tests” as follows: First, the use of only one 
switch to short-circuit the armature resistance for motors of 15 
h.p. or less is not good general practise under average service 
conditions. In general this may be good practise for motors up 
to 10 h.p. and in many cases only up to 5 h.p. It is true, that 
under very special conditions this practise can be followed in 
motors of even 75 or 100 h. p, where it is absolutely certain that 
there will be no load at starting. If the single resistance switch 
closes at a counter e.m.f, of 75 per cent of normal voltage with 
heavy starting load, the motor would fail to accelerate and 
probably burn out the starting resistance. Second, as a general 
proposition, starting with zero or weakened field will result in too 
slow acceleration. In special cases, as in certain printing presses, 
it IS necessary to start very slowly, not for the purpose of pre¬ 
venting damage to the machine but breakage of the paper. 
The average machine tool is designed to stand very severe 
shocks and would certainly allow full-load torque or more at 
starting. Third, the reduction of the shunt-field strength in one 
step for adjustable-speed motors, may or may not, be good prac- 
tise depending upon the speed ratio, design and size of motor 
and the inertia of the load. ^ In general, it is desirable to use a 
fluttering field relay in all adjustable-speed motors above 10 h.p., 
and in all sizes of motors where the speed ratio is more than two 
or three to one. This holds, except in special cases where the 
nature of the load is accurately known. Fourth, in general 
I agree with Mr. James that one step of dynamic brake re¬ 
sistance IS good practise, except where conditions are special 
and It IS also good practise to short-circuit the field resistance 
where the dynamic brake is applied. This latter point makes it 
,, permanently connected in the 

ott positiras, contradictory to his recommendation under 
heading 2. Fifth, I do not agree that the general use of the 
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fluttering relay is bad engineering and that a “transfer” relay is 
necessary. Sixth, I do not agree that the time to accelerate a 
small motor in three seconds is sufficiently short for many 
applications. The very low starting torque shown in many of 
the tests would certainly require not only a longer time for 
acceleration than three seconds but would entirely fail to accel¬ 
erate a motor under full load at start. 


J. H. Albrecht: I think we have pretty conclusively proved 
most of Mr. James' contentions under actual operating condi¬ 
tions, which, of course, is the final answer. We have installed 
at the McMyler Inter-State Co. plant at Bedford, Ohio, a new 
munitions plant, which has been in operation possibly fourteen 
months, about 300 controllers which are designed along the 
lines which Mr. James had laid down. These motors range from 
7| to 35 h.p., they are 230-volt motors, and the speed ranges 
vary. Quite a few of them are four-to-one motors, the speed 
ranging from 400 to 1600. These motors are used on practically 
all classes of machine tools, such as you encounter in a munitions 
plant. They have been in operation twenty-four hours a day, 
working three eight-hour shifts, and I venture to say that that 
service is the equal of any service that they might get in an ordi¬ 
nary machine shop in from five to six years. The controllers are 
started by a single contactor, on counter e.m.f., they have no 
field relay, simply a relay for insuring full field during the 
accelerating conditions. When the starting switch closes, Jhe 
field relay opens, and the motor is accelerated to high speed in a 
single step, on the field. This plant, as I say, has been in opera¬ 
tion for fourteen months. I had occasion to inspect it the other 
day. The motors were in very good condition, the machines 
were in good condition, and the maintenance has been no greater 
than should be expected under the severe operating conditions, 
and the power plant has shown no signs of distress. I think tna 
is a direct, conclusive demonstration of the practicability oi Mr. 


"^^^tlll a further application which might illustrate the same 
thing is the modern reversing-planer controller. We have 
reversing-planer controllers that have been in operation with 
this new type of control for four yars some of 
on uear-cutting machines, making from 15,000 to 20,000 reyrsay 
in a day, very severe service. The controller is a reversing con¬ 
troller simply two two-pole switches for reversing, with back 
coSac’ts fol dynamic braking, a single-step accelerating unit 

acceleration in one step from thyull-field q\q0O 

soeed The speed variation of these motors is from 250 to 1000, 
and they are^often accelerated under load. I have seen them 

tool in the work, and the motor must start at practically mu 


load, and it does it. 
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R. E. Hellmund: In connection with what the previous 
speaker said, it occurred to me that in d-c. practise we can learn 
a whole lot from the a-c. practise. Many of the speakers have 
brought out theoretical reasons why a single step would not be 
safe. We must not forget that we have started induction motors 
with a single step in actual practise for fifteen or twenty years, 
and under torque conditions much more severe than shown in the 
d-c. oscillograms which Mr. James has given. I actually believe 
the only reason why d-c. motors have not been started long ago 
with one step is because the motors could not stand it; but if, 
with proper cooperation between controller and motor designers, 
a combination can be built which will stand it, there certainly 
should not be any more objection against using it with d-c., than 
there is in case of a-c. motors. 


E. H. Martindale: In listening to the discussion, before Mr. 
Albrecht and Mr. Hellmund spoke, I had rather gathered the 
impression that Mr. James’ proposals were a little too severe; 
but offsetting the theoretical reasons why single-step controllers 
will not work, we have the testimony of a plant which has been 
in successful operation for fourteen months, with the conditions 
apparently as good as could be expected. 

^ The main thing that this paper brings to light, it seems to me, 
IS the fact that there has not been the study nor the cooperation 
that there should have been on this very important subject. 
Industrial motor application is probably the biggest field of 
electrical engineering. We have been perhaps too much con¬ 
cerned—not too much concerned, but we may say out of j^ropor- 
tion with high-tension transmission and distribution, and 
power-station generation, so much so that we have neglected the 
other end, which is just as closely allied to successful generation 
and transmission as two subjects can be. The Industrial and 
Domestic Power Committee is this year trying to start a little 
work looking toward the tabulation of the bes-ttype motor, the 
best-type control for every motor, for every machine in every 
nr the country. That is looking fifty years ahead, more 

or ^css, it will take at least ten years to complete the work, if it 
can be done, and if it is worth while. There must be a best d-c 
motor, there must be a best a-c. motor and a best-type controller 
to use with each, to drive every machine in every industry. This 
w/" T f industries and a small porLn of a 

work finished to present 
before the annual convention in Hot Springs. Mr Tames’ naner 
has brought out the importance of investigation alig this Hue 
If controllers can be simplified, reducing |reatly the expeLrof 
controller manufacture and get just as sitisfactory oSln 

“ .ngineering economy i„ 
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lia’d a great deal to do with the favorable curves which are pub¬ 
lished. I hope very much that Mr. James can clear up this 
situation by adding to his paper an exact record of the line 
voltage at the time his tests were made. Line voltage regulation 
has a most decided effect on current peaks in motors at the time 
of starting. For instance, in a large building, where an isolated 
generator plant is used to supply elevators and lights, there is a 
decided drop in voltage as is evident by the flicker of the lights 
every time an elevator is started. 

I have had experience in starting up very large motors where 
four blocks of resistance were absolutetly required when the 
motor was close to the power station, and, on the other hand, 
if the motor was 500 or 600 feet away from, the power station, 
one of the blocks of starting resistance could be eliminated and 
yet the current peaks on the motor would be the same as before. 

I disagree with Mr. James that a one-step starter is good lor 
what might be called standard or “shelf” goods. Shelf goods 
are liable to be used by those who are rather inexperienced in 
the art and the goods should be of such a nature as to keep those 
inexperienced out of trouble; to avoid this trouble it is necessary 
either that the shelf goods be made, in this case, with more than 
one starting point or else that they be labeled with proper Precau¬ 
tionary tags. I would suggest, as a proper limitatmn for one-step 
starters, that they be used only where the motor 
as a rule, without load and very ^frequently under load ihe 
machine, to be driven, should have a flywheel or WR ^j^ich i 
very low as compared to that of the ™ture of the dnving 
motor and the power supply line should be such as t S 
considerable voltage drop at the time the motor is being started. 

sailthat ?hese one-step 
very successfully in munitions plants. I 

way of laying out a munitions plant is to ^pe^;^ f ® ^he ength 

of the war, and lay out the machinery so that 
the end of the war. The man who guesses nght will, of course 
1 .jQ-k exactly right. It certainly does not hurt a motor 

If long life is not essential, it is, of course, all unflpr con- 

JdTratiolTi'^ 

blTCfited so tS as shocks, due to the one-step starter, are con- 
“Tntegard to the sho^ on —■ { 

the shelf goods might lea(J u three factors, the relation 

comes to a machine takes into account thm 
of the WR^ of the motor to the equivalent ttw u 
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that is negligible as compared with the motor, it is impossible to 
start the load so as to hurt it, but if it is equal it becomes a serious 
part of the problem, and if it is greater than that of the load, it 
becomes an all important part of the problem. 

A. A. Gazda: In addition to its simplicity, the counter c.ni.f. 
switch works to advantage when line regulation is poor. If the 
line voltage is known to remain constant at full value under all 
load conditions, the pull-in point of the accelerating switch may 
be set high without fear that it will not pull in. On the other 
hand, if the resistance drop in the feeders is comparatively large, 
the counter e.m.f. switch may be set to pull-in at a low voltage. 
Under this condition, when the motor is connected directly to 
the line in the last step, a heavy peak current will not be obtained, 
due to the limiting influence of the feeders. The approach to 
this condition seems to have been present in the tests presented 
by Mr. James. Although the accelerating switches close at volt¬ 
ages as low as 60 to 70 per cent of normal line pressure, the 
peaks obtained are not excessive in any case. From that stand¬ 
point, I think it is all right to make use of the line drop, wherever 
it is known to be present. 

In regard to the time element, I believe it is becoming good 
practise to have time-element overload relays. They certainly 
are necessary on induction motors, particularly to start induc¬ 
tion motors. Every one has become used to time-element over¬ 
load relays. We don’t want the circuit breaker to drop out 
every time a peak of a fraction of a second occurs. I think 
that the abnormal peaks can be taken care of in that way. 

Mr. Hellmund spoke of flashing in the motor, and designing to 
prevent flashing when starting. When the motor is at standstill, 
the armature conductors are not cutting the field, or are cutting 
it at a very low rate, and the voltage induced across the armature 

^ ^ standard line of motors 

that they can safely be thrown on the line with a starting current 
nve or six times normal, without damaging the motor; and as far 
as two or three times over-load current is concerned, there is 
no flashing or sparking at all. It seems to me that the life of the 
mo or would not be particularly shortened by permitting such 
high peaks where there is no sparking. Of course. I think it is 
airiy well known that after a motor is started and the accelera- 
ting switches come in, flashing is not liable to occur at all. 

rflTh-iJo brought out the point that we will get more 

apid acceleration when we use a large number of switches. That 

thp°nlfl-^pr very good example of that is 

turer^^^r believe that all controller manufac- 

imers use only one step of starting resistance for planers up to 75 
■p. n such installations it has been found that if you use three 

eLd bvXr*' 

found that th7^ element of switches dropping in, and it is 
^umbeJofo “tcher « obtained with a small 
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R. E. Hellmund: I judge from Mr. Gazda’s remarks that I did 
not make myself entirely clear on the flashing with the motor 
starting from standstill. I do not claim that any high voltages 
between segments are present in the shunt motor when started 
from standstill. With a series motor, however, where there is no 
damping effect, the sudden building up of the flux causes a very 
severe flash unless some damping effect is introduced; in shunt 
motors we always have a very strong damping effect caused by 
the shunt winding, and they will, therefore, not spit when started 
from standstill. 

We make it a practise to test railway motors up to 200 h.p. by 
starting them from standstill across the terminals of a large 
generator without any external impedance in the circuit with 130 



Fig. 1 

A == Voltage induced between, segments by change of main flux, 

=:Voltage induced between segments by change of armature cross fluxes (self-inductive 
voltage). . , 

C= Total voltage induced between segments. (With series motor at standstill thrown 
across lineh 


to 150 per cent of their rated voltage, and since they are series 
motors they always do spit quite appreciably in this case. The 
arc does not pull across, however, because the voltage between 
the segments is only large within the immediate neighborhood 
of the brush. The voltage induced at standstill between seg¬ 
ments when the motor is thrown on the line may be represented 
approximately by the curve Fig. 1. It will be seen that starting 
from the toe of the brush, the voltage is first very high, but dimin¬ 
ishes quickly, reaching zero before the other brush is reached. 
Therefore, the arc goes usually around the commutator only 
about one-third the distance between brushes. 

A. A. Gazda: I am very glad that Mr. Hellmund has brought 
out the fact that this condition exists particularly in the series 
motor. I must say that with the shunt motor, you will not get 
spitting at standstill. Am I correct in that, Mr. Hellmund ? 
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R. E. Hellmund: Yes. 

1 ^.^' It is only in the series motor that we have to 

' spitting at the starting point. 

J^st one word from the viewpoint of the onera- 

th?SbHr^TTtiTt “ IS dictated to by that modern invention, 
tbe Public Utility Commission. The idea that I gather from 

<;tpn motors up to 50 h.p. may be started with one- 

step controllers. Now, that is all right, it probably does not 

Mr. James says, “At one time the permissible starting current 

volteS'”“^Tha??<f t the ^nger of disturbance to the supply 
fnip true.^ At one time that was perhaps more 

P,™ than It IS now but it is still true to some extent. He says 
capacity of systems supplying power now 
l^aT * medium sized motors to start with twice full- 

ag^’^'lVnw*’- ’Without disturbing the supply volt- 

fn th^ that is no doubt true, especially 

n the center of the interconnected network, but verv fre¬ 
quently you get on the limit of that interconnected network 

th^res^df fb ^f ^/sl^huting mains are of a smaller size, with 
the result that in starting such a motor with a one-steo con- 

Itfq h'ee^^^- Ihe mains would be quite sLious 

to limit more the custom with regulatory bodies 

variation in incandescent lighting, and while 
p until now that has not been very serious—at least it has not 

been so out the West with u^lhe tenden^ Sll te to impr”e 

present time a certain voltage variation, in two years from now 

contooUer it tonyserit^J^eJttl^hSS”' 

tint nf hir. James says: “The applica- 

S^e^b^th^rJ^S®^^®'' required an analysis of the load^to be 

The controller characteristics of the motor. 

ne controller rnust cause the motor to operate through a cvcie 
which IS best adapted to the motor load or 

itdl in uVn^r^toTaSdr^^^^^^^^^ 

and conSXT wilfp^erfol^U'^^w"^^^^^^^^ S?dT 

hrough its engineering department, can recommend to tbJt 
customer what controller he should use, but thTSle to 
apparatus passes to the customer and it is hiq fn rin u -t- u 
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customer, and this customer puts it to an entirely different use. 

I should like to see the standard controller be one which could 
be used for any purpose; then possibly for special purposes, 
where the motor is never liable to be used for anything else, 

have a special cotroller. , ., , 1 . 

Regarding Mr. Martindale’s remarks, the idea was to have a 
committee to establish certain standards of apparatus for certain 
purposes I don’t think that is wise. Again we have to come 
back to the regulatory bodies, and unless for each such purpose 
there is a specification of every possible voltage, and every pos¬ 
sible type of motor that may be used, there will be considerable 
danger The standards may provide, for instance, that for a 
certain purpose, a 500 or 600-volt d-c. motor with a certain 
controller should be used. Now, a customer goes to the utihty 
and says that he wants that apparatus installed in his plant, 
the utility informs him that it cannot supply that type, but can 
supply hiin with an a-c. motor, a type of apparatus that will give 
St?fe Jt results. He says, “No, I want that,” and when the utihty 
Refuses to furnish it he goes to the utihty 

commission rules that the Amencan Institute of hlectncai 
Engineers has established that particular type of motor for 
that particular purpose, and therefore the utihty must put m the 
plJnttSmSshthatserVice. There is the danger, to my mind, of 
doing what Mr. Martindale’s committee had in mmd. 

E H. Martindale: Evidently, I did not make it clear 

that the committee is going to be very, very 
recommend in any case a d-c. motor against an a-c. mo , 
vice versa We will, on any machines that we make any ’^s^om- 

meXfons for, recommendVe best a-X^etu^e we'^nr t?e 
or we will make no recommendation at all, because we icno 
hot wZ^er we would get into if we started anything between the 

we had better leave for e 

we will have data to present, to try to snow me veu 

“W. Gay^One hundred and fifty 

in amunition plant for by?to into 3 

troller consisted of a to tL h^^ 

clips in succession; first, conne second short-circuited the 

a two-ohm and a one-ohrn r , , ^^^^i^ed the one-ohm resist- 

two-ohm resistance, third, average closed and opened 

ance. Controllers were, on an av^age ^ 
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heavy wiring system was installed and no serious flickering of 
lights occurred. 

In the same company’s commercial plant approximately 1000 
motors are used on a multiple-voltage four-wire system. These 
motors are switched successively through 40, 80, 120, 160, 200 
to 240 volts without the use of any buffer resistance. This con¬ 
trol is used on motors up to 50 h. p. and has been in service over 
20 years. Only ordinary maintenance has been necessary. 

Alexander Gray: The point Mr. Hellmund brought out should 
not be overlooked, that for twenty years or more induction 
motors have been brought up to speed by a one-step starter, the 
motor drawing from three to four times full-load current at a 
very low power factor. If the motor does not start up with this 
current the auto-transformer tap is changed and the current 
further increased. The proposition submitted by the author is 
somewhat similar, except that he restricts the starting current to 
a value that will have much less effect on line regulation. 

The larger number of motors now installed are of the squirrel- 
cage type and the torque required for starting is generally less 
than full-load torque. Many of these motors, because of patent 
reasons, did not have a prime number of slots in the rotor and 
therefore the starting torque was not as good as it might have 
been, and yet these motors started up the loads found in practise ■ 
mduction-motor operators are therefore satisfied with a one- 
step starter. 


Before I came to the meeting I had an unskilled operator 
art up a d-c. motor, which had a brake arm and a siiring 

half starter and then 

■'^ith a single resistance and a 
terS-nl . ’ ^.^^Jtmeter being connected across the motor 
indicate when the switch should be closed. There 
was little to choose between the two methods of starting and a 

rtSrefo^ffed^rtaf^'b®'' combination, 

+u Pt has been brought out by several sneakers 

that perhaps the reason so many steps have been used in the past 

Side? ovef bad'^Xr?-*^® fact that motors would not commutate 
tru? S fbf i ? I believe myself is 

Sjuri™ tnSm caSStS, 
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There is one point, regarding the line voltage, and that is 
where the motors may be supplied from a small power-station. 

We are, I think, in the habit of thinking of the mere lighting ques¬ 
tion, whether the lights are going to flicker. _ There is another 
problem that is coming in more and more, in fact, it is very 
important today, and that is the heating load. With heat 
supplied on central station lines, if the voltage is going to vary 
seriously the heating effects may be very disastrous. ^ ^ 

All of us who have been particularly interested in introducing 
the motor drive, the individual drive particularly, have run 
against the snag of the comparative cost of the controller, borne 
motors of course will not have to be started more than two or 
three times a day, but others as frequently as every few minutes. 

I cannot imagine any more severe condition than a planer motor, 
and if, as we "have heard, the planer operated with entire satis¬ 
faction, and the motor as well, with just one step of resistance, 
why that very nearly proves the point. 

It makes some difference whether or not the company which 
mantifactured the motor also rnani^actured 
other words, do you know exactly what you are Pf 
Then the question of the standardization of P^® ® , 

verv strongly. I am also very strongly convinced the 

amLnt of motor application ^®/’'®/^{fy°yj^lie'?oikroller 
influenced to a great extent by not only the cost of the cont 
budh" space it will occupy Many of us I Uyefoundthat 

W D Tames: Two or three points in this discussion have 
H. ® • J p.. ,* T that all those present must be impressed 

stood out. First, i tninKt Upfi-rip controller more senous 

with the necessity of out a number of 

consideration. The h,. investi^^ation. I stated in 

problems and has suggested further ^ .o^plete 

SSl” TS^rraolS waa » the ho^e of stin,«lat.„g others 
to carry the “'^^^.^^sation further. ^ 

Second, the engineers ^’^°hT^Sdata l think it would be 
based their statements upon actual test da ^ deductions. 

well if they would subm nrint the oscillograph records 

I am sorry that i rs , ,0 show blue prints 

to such a small sca,le. I anvone who is interested in seeing 

of the original oscillographs to anyone wno 

them. , .n g brought out the fact that my 

A number of the speakers ha controller termi- 

test did not record the ^o^ta^ P it would have been much 

KnM" as it would have answered a 
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, number of questions which have been brought out. I believe 
that further investigation should be made, in which those data 
are recorded. 

The discussion has brought out three probable factors that 
reduce the starting current peaks : 

(a) The resistance in the circuit external to the controller. 

(b) ^ There is always a drop in the generator voltage corre¬ 
sponding to a sudden increase in the current. 

(c) There undoubtedly was a reaction between the armature 
current and the shunt-field current. This is shown very clearly 
at the beginning of the cycle. This reaction may have kept down 
the current peaks considerably. 

I agree with Mr. McLain that starters installed in a power 
plant will have very close voltage regulation at the terminals 
01 the starter and therefore will require at least an additional 
step tor accelerating. 

In the main, calculations seemed to’show that the resistance 
of the average feeder is not less than half the resistance of the 
motor armature, so that in most installations at least this much 
additional resistance can be figured on. 

?• ^ave published data 

f ^ generator is operating at no load and you 

suddenly connect it to full load the dip in the generator 
voltage approaches zero. This dip, however, is too rapid to be 
measured with _ a voltmeter. These tests would indicate that 
^ena motor is started from a small power plant, a reason- 
m voltage should be expected, depending upon the ratio 
of the size of the generator to the size of the motof. 

ttifl speakers have assumed that the maximum value of 

tL ^ the line voltage divided bv 

the resistance m the circuit. I do not agree with this deduction^ 

reduce^?rmlx?mlmTXe°^^^^^^^^^^ 

maximum value reached this 

foX tT"“ 

overlooked the statement in my pSr lhat' 

motor was started with a load ^ u 

full-load torque, or a 50-kw generator behed 

operated at about the same soeed ^ “°tor and 

would have beeu somewhat less £ S«1n‘ae°X«‘ ™'““ 
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These tests were made in a commercial 

n“^Kirifoni;thS.ts^ 

tl" having afferent 

4rge~5i“ h5e “* it 

^"Cus“‘frequently have an idea that the starting torque 

IreS^th"^^^^ 

through the motor, the torque will be m excess 01 . 

If theWor has four-to-one ^peed ad]^tm^t, 

prevails that at starting, more disproved this con- 

resistance than a eorrespondmg single-speed moto . ^ ^ep 

Mr. Widdows brings out the point “at wnue a smg ^ 

starter might be tS^worst conditions. This 

for commercial controllers ^ would sueeest that possibly 

. does not seem to me to be logical I age condi- 

rnsfnTottrTel^^^^^^^^^ 

lterX:t% plobability o?good voltage regulation and other 
factors of this kind. _ c+arter is that the overload 

motors'is good engineering and should be used 

the starter in case of severe ^^e cSler 

power. In such cases, the overload protection^ontn^.^ 

should have a longer time e em , ^ rupture a short 

protecting g^-^ter attem^^ to opeS the circuit, 

circuit or ground before the oiler can be set to 

'^'■SVSohtlSned the use of a tinile-tteP 
dyiSnrbraking’resistance, ^ 

siriiriiirrstW^ ^eco^eot. m 
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the same time, the remaining information regarding the motor 
can be obtained so that the dynamic-brake resistance can be 
properly designed. 

R. L. Goetzenberger: Short-circuited current under the 
brushes affecting as it does the flux of the main field; the trans¬ 
former action between the field and armature which induces 
a high voltage at the brushes that directly influences not only 
the short-circuited current but also the armature output current; 
the residual magnetism in the commutating poles causing a 
variation in the demagnetization of the shunt field are all factors 
that demand consideration by the designer of d-c. motors. The 
incorporation of these together with those involved in certain 
construction details, over which no formulas have control, into 
a mathematical derivation necessarily means complication. 
Fundamentally^' therefore, in making computations from the 
equations, reference should always be made to the text in order 
to avoid indiscriminate separation of the derivation and its 
qualifications. 
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TRANSIT CONDITIONS IN ASYNCHKONODS INDUC¬ 
TION MACHINES AND THEIR RELATION TO CONTROL 

PROBLEMS 


by R. E. hellmund 


Abstract of Paper ^ _ 

This paper discusses a number f Xa'S 

in asynchronous machines of con- 

in the circuit connections are made. control layout 

of the Short-circuited rotor findings and the over voirag 
•which are obtained with certain control arrangement . 


Damping Effect of Closed-Circuit Secondaries 

IT IS generally understood that the strong demagnetizing or 
1 damping effect of a short-circuited low resistance ^econ ary 
of an inductance motor plays an important part during the smart¬ 
ing from standstill, in so far as it counteracts and weakens the 
useful field of the motor to a 

very large starting current accompanied by ^ 

starting torques. It is, however, not always fully -®^hz®d that 
the same damping effect influences the 

in a number of other ways leading at times to very unfavorable 
effects, while serving to good advantage in • j 

The fundamental fact to be considered m this 
that any short-circuited low resistance winding 
oppose any change of flux interlinking with the wmdmg^ If th 
interlinking flux is of zero value, the building up of 
strongly opposed; on the other hand, if a certain 
to exist, its disappearance will be strongly opposed This is due 
to the fact that any change of flux regardless of ^ts cau^ 
nature will at once induce a voltage in the 

ing which, ill turn, causes currents to flow. These currents are 
of demagnetizing direction if a flux is trying to build “- 

crease, and of a magnetizing direction if a flux is trying to dis- 

. 321 
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appear or decrease. This simple phenomenon should be kept in 
mind in connection with the design of the control with regard to 
every manipulation. 

Let us consider, for instance, the most common method of 
starting induction motors by connecting the motor, first to a 
low-voltage tap of an auto transformer, subsequently disconnect¬ 
ing the motor and connecting it to the full line voltage. It is 
frequently assumed that the largest current surge is obtained 
with this method of starting when the motor is standing still 
and first connected to the low-voltage tap of the auto trans¬ 
former, and that the current obtained when changing over to the 
full voltage corresponds to the current value indicated by the 
speed-current curve of the motor for full voltage. As a matter 
of fact, it is possible to obtain change-over currents far in excess 
. of the original starting currents. The standard method for cal¬ 
culating the change-over current from the speed-current curve 
assumes that certain stable conditions exist with a rotating field 
and certain phase relations between primary and secondary 
currents fully established, a > condition which, however, does 
not exist after the power supply to the motor has been tempo¬ 
rarily interrupted during the change-over. 

Various conditions may exist in the motor after a temporary' 
interruption of power supply. When the low-voltage starting 
contacts are opened the rotating field set up in the rotor will be 
prevented from immediately disappearing by the previously 
mentioned damping effect of the rotor. The flux will continue 
to exist and rotate with the rotor for a certain period of time 
until the stored magnetic energy is used up by ohmic losses in 
the rotor, eddy currents, and the like. Since the rotating flux 
continues to exist it will, of course, continue to induce a voltage 
in the primary winding. 

The oscillogram. Fig. 1, showing the motor voltage before and 
after the interruption of the primary contacts demonstrates tliis 
point. The size of the voltage maintained after interruption and 
^ the time during which an appreciable voltage is maintained, 
depends principally upon the amount of magnetic energy stored 
in the rotor at the time of interruption as well as upon the speed 
with which this energy is used up by losses in the motor. The 
losses depend largely upon the resistance in the secondary, and, 
therefore, the energy will be used up the quicker the higher the 
secondary resistance.^ The oscillograms. Pigs. 1 and 2, were both 
taken on a 40-h.p., eight-pole, 60-cycle, wound-secondary motor. 
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In case of Fig. 1, the rotor was short-circuited, while m case 
of Fig. 2, an external resistance was introduced to bring the 
motor speed down to 800 rev. per min.; the motor was running 
light in both cases. Comparision of the two figures shows 
plainly the effect of additional resistance upon the motor tiux 
and voltage after the interruption. With the short-circuite 
rotor, the voltage drops to about 80 per cent after one cycle to 
75 per cent after two cycles and to 50 per cent after six cycles, 
while with the extra resistance in the rotor the correspoi^mg 
values are about 60 per cent, 50 per cent and 25 per cent. i 
short-circuited rotor, the voltage practically dies out after 
about 35 cycles, or 0.6 second; with the extra resistance, on y 
cycles or 0.25 second are required. With short-circuited second¬ 
ary, the motor voltage drops below half voltage after 7 cycles or 
0.12 second, while with extra resistance only 1.5 cycles or O.UZO 
second are required. 

Outside of the ohmic secondary resistance bsses, theie are 
already mentioned other losses participating in a secon ary e 
gree in the consumption of the stored magnetic energy. 

.sudden changes of current in both members, and the correspond¬ 
ing changes in leakage fluxes are naturally accompanied by ap¬ 
preciable eddy losses in the conductors and 
losses and the like; other core losses are caused by the rotation 
of the sustained field in the stator iron, etc. . . , 

The amount of stored magnetic energy is principally given by 
the size of the total flux in the machine, which, in turn,^ is tJie 
product of the magnetic densities and the magnetic sections. 

A very simple consideration based* upon these fundamental 
facts leads to the conclusion that the flux and voltage will, m 
general, be maintained the longer, the larger the machine and 
the s maller the number of poles. While other factors, like mag- 

*A fair idea of the principal factors regarding the amount and nme of 
the maintained flux can be obtained by the following 

principal energy dissipating losses, namely, the secondary res stance^ 
Tosses are, in general, proportional to the "ength L of the conductor per 
pole and inversely porportional to the available space for effec iv 
ductor section 5 in the rotor. The length of the conductor is, in turn, 
proportional to the length of the core I plus the pole pitch T times a co- 
efficient k. The pole pitch is given by 

D TV 


p 


where D is the air-gap diameter and p the number of poles; therefore, we 
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netic air-gap density, the copper space factor in the secondar}* 
winding, ratio of pole pitch to core width, etc., also have a certain 
influence, they do not vary over a wide range with up to date 
designs of small commercial motors. With larger motors now 
becoming more common in use, these points should also be given 
due consideration. 

This general conclusion is well borne out by results obtained 
in practise. It has been observed, for instance, that an in¬ 
duction machine of about 1500 h.p., 25 cycles, 4-poles, would 
maintain a sufficient voltage to keep incandescent lamps lu¬ 
minous for seven seconds after the current supply was inter¬ 
rupted. On the other hand, a comparison of Fig. 3, which 
applies to a 5-h.p., 10-po!e, 60-cycle motor, with Fig. 1 will show 
how a small machine maintains the flux and voltage only for a 
comparatively short period of time, the voltages following the 
circuit interruptions being about 70 per cent after one cycle, 55 
per cent after two cycles and 25 per cent after six cycles, while 

have an energy dissipating constant per pole 


The constant of stored energy per pole Es is given by the pole face 
D T I 


multiplied by the air gap density B 


therefore, 


Es = 


DttIB 


Assuming a ratio 


_ I P - r D TV 

^ ^ "tTZ or / = - we have 

T D TT p 


and 


D TT 

■Ed = — {r + k) — 
P s 


Es 




TT^ rB 


t IS at once evident that insofar as the stored energy is proportional to 
the square of the diameter, while the energy dissipating factor grows only 
in linear proportion, that the maintained voltage will be in time and 
amplitude, the larger, the larger the machine. A further study of these 
expressions also indicates that the maintained voltage will be in general 
the larger, the larger the air-gap densities, the smaller the number of 
pole, etc. 
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the corresponding values in Fig. 1 are 80 per cent, 75 per cent 
and 50 per cent respectively. 

The load condition of the motor will also have an influence 
upon the maintained flux and voltage, which, in general, decrease 
with increased load. This is due to several reasons, for instance 
the fact that on account of the primary drops, the secondary 
flux under load is smaller than the primary flux to start with, 
further, that on account of the larger load leakage fluxes, and 
their sudden changes, more energy is dissipated by eddy currents, 
etc.; again, the lower load speed will, with a given rotor flux, 
induce less voltage in the primary than the higher no-load speed. 
This may be demonstrated by comparing Fig. 1 with Figs. 4 and 5. 
These oscillograms were taken on the same motor, with no-load 
(Fig. 1) and IJ load (Figs. 4 and 5). Fig. 6, which was taken on a 
25-h.p., 6-pole, 60-cycle motor under the same load conditions as 
Figs. 4 and 5 on the 40-h.p., 8-pole motor, is also of interest. A 
comparison of these figures shows that the lower rated 25-h.p. 
motor maintains the voltage and flux better than the 40-h.p. 
motor under the same load, which is due to the relatively lower 
rotor resistance usually incident to the smaller number of poles. 

■ It is evident from the previous considerations that if the pri¬ 
mary switches are reclosed after a temporary circuit interrup¬ 
tion, the voltage and flux conditions of the motor may be widely 
different under various assumptions of the motor characteristics, 
the load, the time elapsed, etc. 

Current Peaks with Closed-Circuit Secondaries and Zero 

Field 

Let us consider first the case where the time of change-over 
from the low-voltage tap to full voltage is long enough to permit 
the rotor flux to reach zero value before the full voltage contacts 
are closed. It is evident from the fundamental facts stated in 
the beginning of the paper that upon closing the contacts, the 
damping effect of the rotor will prevent the quick establishment 
of the rotor flux on account of rotor currents setting up and 
strongly opposing the effect of the primary currents. This will 
also prevent all but the leakage part of the primary flux from 
building up quickly, so that at the first instant whatever counter 
e.m.f. exists has to be largely supplied by leakage fluxes no 
matter what the speed of the motor may be. In other words, 
very large primary currents are required at the first instant, no 
matter what the speed of the motor, to set up sufficiently large 
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leakage fluxes to induce the proper counter e.mi. which must 
always be equal and opposite to the impressed e.m.f. after the 
circuit is closed. The amplitude of the current peaks when 
connecting the motor to the line with no flux in the secondary 
may, therefore, be the same near synchronous speed as it is at 
standstill for a given motor voltage. Since with the standard 
method of starting, the voltage after the change-over is usually 
larger than when starting from standstill, it is evident that the 
current peak after the change-over may be larger than when 
starting, assuming in both cases that the rotor field is zero at the 
time the connection is made. This does not necessarily mean 
that the effect upon the line and control apparatus at the time of 
the change-over is worse than at starting. In either case, the 
currents settle down within a short time to the values given by 
the speed-current curve. Since these values are usually larger 
for starting than at the change-over, and since the continuity of 
current peaks plays an important part in the effect upon the 
system, the resultant effect depends upon the individual case. 
It is, however, evident from the previous discussion that in a 
good many cases under the conditions discussed, the effect fol¬ 
lowing the change-over may be worse than during starting. 

The current peak obtained depends, of course, to a large 
extent upon the point of the impressed voltage wave at which the 
switches are closed. Moreover it can easily be seen that the 
damping effects opposing the building up of the flux are, in 
general, dependent upon the same factors as the damping effects 
maintaining the flux after the power supply has been interrupted, 
namely, the rotor resistance, etc. Furthermore, the leakage 
fluxes will have an important influence upon the current peaks 
as already pointed out. In general, it will be found that the 
size of the current peaks relative to the sustained current values 
is liable to be the larger, the larger the machine and the smaller 
the number of poles. 

Fig. 7 shows a current peak of 778 amperes obtained with the 
40-h.p., 8-pole motor which has a sustained standstill current 
of only about 425 amperes effective (600 amperes crest value) 
and about 115 amperes effective (163 amperes crest value) sus¬ 
tained current at the speed at which the test was made. 

These conditions were obtained with an external resistance in 
the rotor circuit and it is evident that worse conditions may be 
experienced with the rotor short-circuited. 
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Current Peaks With Field Sustained by Closed- 
Circuit Secondaries 

Let us consider now a case in which the change-over or current 
interruption is accomplished very quickly so that the contacts 
are reclosed before the rotor field has died out. Let us also as¬ 
sume at present that in such a case the load of the motor hap¬ 
pens to be light, so that the rotor rotates at practically synchro¬ 
nous speed and that the rotor inertia is large enough so as to 
keep the motor speed practically unchanged during the power 
interruption. With these assumptions, the counter e.m.f. of the 
stator induced by the flux rotating with the rotor will maintain 
a synchronous relation with the line e.m.f., and if the contacts 
are reclosed the counter e.m.f. of a certain amount and proper 
phase relation already exists keeping the initial current rush 
down to a very small value. In such cases, it may be that the 
initial current closely agrees with the current given by the speed- 
current curve of the motor. If, on the other hand, the motor is 



Fig 8 


heavily loaded, so that its rotor speed is appreciably below syn¬ 
chronism, and if the rotor has small inertia so as to permit a 
further drop in speed during the current interruption, the voltage 
induced by the flux rotating with the rotor speed will fall quickly 
out of synchronism with the line voltage. Such a condition 
is demonstrated in Fig. 8 which has been traced from an oscillo¬ 
gram similar to tliat of Fig. 6 in order to show the conditions 
clearer than is possible with the oscillograms themselves, which 
were unfortunately taken with the voltage elements connected 
in opposite directions (see Fig. 6) or to different phases (see 
Figs. 4, 5 and 7). 

If we assume, for instance, that the stator voltage has slipped 

cycle relative to the line voltage as at the point A when the 
contacts are closed, we have a condition very much the same as 
obtaining in a synchronous machine connected to the line when 
out of synchronism, and it is evident that very large currents 
may flow temporarily because it is not only necessary to build 
up a rotor flux against the damping effect of the secondary wind- 
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ing, but it is necessary to first reduce the existing flux to zero 
and build up the flux in the opposite direction. It is considered 
poor practise to connect large synchronous motors to the line 
before establishing synchronism, and equivalent precautions 
should be taken when starting large induction motors to prevent 
severe burning and arcing. 

The author was not fortunate enough to get an oscillogram 
showing the closing of the circuit at the most unfavorable point. 
This is pretty hard to do in view of the fact that very small 
fractions of a second bring about important differences in the 
conditions. If the circuit were closed, for instance, at point B 
in Fig. 8, that is only 0.12 second later, the voltages are again in 
phase and fairly favorable current conditions \yould obtain. 

Fig. 4 and Fig. 5 taken with the 40-h.p., 8-pole motor show 
the highest current peaks tested, giving about 1300 amperes 
(estimated) and 806 amperes respectively, as compared with a 
sustained standstill current of 450 amperes effective (635 am¬ 
peres crest value), and a sustained value of 150 amperes effective 
(212 amperes crest value) for the speed at which the test was 
made. 


Current Peaks with Open-Circuit Secondaries 
The previously discussed current peak values as affected by 
the damping currents in the rotor should not be confused with 
the transient current peaks obtained when connecting any in¬ 
ductive piece of apparatus to an a-c. voltage, even when there 
are no damping effects. Figure 9 shows, for instance, the current 
of a 200-h.p. motor, when connected to the line with open 
secondary. It will be seen that some of the transient peak 
values are about 3.5 times as high as the sustained magnetizing 
current. They are, however, only 150 per cent of the full-load 
current, or 26 per cent of the sustained standstill current of the 
same motor (crest values in all cases). These currents are, 
therefore, small in comparison with the previously discussed 
transient current peaks obtained with the damping effect of a 
short-circuited rotor, and they are, therefore, of lesser importance 
in connection with the design of the control arrangements. In 
this connection it might be mentioned that motors with open 
external secondary circuits, should not be always considered as 
entirely free from damping effects. A delta connected second¬ 
ary, for instance, may develop appreciable transient damping 
currents under certain conditions, even with open secondary con- 
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trol switches, especially when temporarily only one of the pri¬ 
mary circuits of a polyphase motor is closed, as is frequently 
the case on account of the fact that the switches do not all come 
in simultaneously. 

Effect of Secondary Damping Currents Upon 
Operation and Design 

While the damping effect of the rotor has as previously pointed 
out, in many cases unfavorable effects upon the system and the 
control apparatus, it has at least the'advantage that both during 
starting and after the change-over with the rotor field previously 
reduced to zero, the torque of the motor picks up gradually 
because torque is impossible without a secondary field. Any 
harmful effects which might be caused by too sudden picking up 
of the torque are, therefore, avoided. 

In v.'ew of the fact that with a short-circuited rotor certain 
large peak current conditions cannot altogether be avoided, even 
if the rotor flux is zero to start in with, it is evident that control 
apparatus, as well as all other parts of the system must be de¬ 
signed to stand these peak currents. It is also evident that the 
reclosing of the circuit before the rotor flux has died out should 
be avoided in control arrangements for large squirrel-cage 
motors, because under certain conditions this is not only liable 
to give current peaks much larger than otherwise obtained but 
also liable to give under slightly different conditions a too sudden 
picking up of large torques, which may result in damage to the 
motor and the driven machinery. When starting a motor at 
reduced voltage, a closed circuit transition to the full-voltage 
tap by means of preventive resistances or inductances is, of 
course, the safest, especially in the case of large motors. 

In the case of wound-secondary motors, current peaks can 
best be reduced by always introducing a resistance into the 
secondary before closing or reclosing the primary circuits. 

In case of the control of induction apparatus for railway work, 
the damping effect of the secondary of induction apparatus is of 
special importance. It may happen in this case, for instance, 
that the trolley bounces, interrupting the power for a very 
small interval of time, leading to very severe rushes of current 
when connections are reestablished. In some experimental tests 
conducted on a large induction phase converter, explosive arcing 
was repeatedly established. In actual practise arrangements 
are made to introduce temporarily by means of a relay an indue- 
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tance into the converter circuit upon any power interruption, so 
that the current peaks are held down when the power comes on 
again within a short interval of time. Another relay interrupts 
the circuits completely if the power stays off long enough to 
permit an appreciable decrease in speed. It is of interest ^ in 
this connection, that it is not possible to employ a no-voltage 
relay for the quick acting switch introducing the inductance, 
because the induction machine does not lose its voltage for 
sometime after the power interruption as previously discussed; 
it is, therefore, necessary tq use a current relay in the single¬ 
phase circuit. The fact that the voltage is maintained sometime 
after the interruption, is used, however, to good advantage for 
operating the switches interrupting the circuit completely after 
a certain interval of time, by means of a voltage relay connected 
across the induction machine, which drops out about 5 to 10 
seconds after the power interruption. 

There is another case that should be considered in connection 
with the effect of the short-circuited rotor in maintaining the 
flux and motor voltages for a certain interval of time, after the 
primary has been disconnected. Certain switching arrangements 
are sometimes used, to change from high-speed to low-speed 
connections, for instance, that are not designed to operate under 
current and voltage. Care should be taken that none of the 
secondary motor circuits are interrupted by such switch arrange¬ 
ments, even after the primary current interruption, until the 
secondary damping currents have died out. 

Over-Voltages with Open-Circuit Secondaries 

Another subject related to transient conditions in the machine 
which is worth while considering is that of over-voltages which 
may be caused by improper control arrangements and result in 
insulation breakdowns in the motor and in the control. 

Let us consider the case of a wound secondary motor with the 
control arranged to break, first, the secondary circuit and svib- 
sequently the primary circuit. In this case the primary 
switches break nothing but the magnetizing current. The nat¬ 
ural tendency of the a-c. arc is of course to rupture when the 
current has reached zero value, or thereabout, following the 
regular sine curve. Since with open-secondary circuit the fltix 
is about proportional to the primary current, it may be assumed 
that the flux at the time of current interruption is zero. If this 
is the case, no further change of flux has to take place and no 
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over-voltages would be liable to occur. It has been found, how¬ 
ever, by tests that the cooling effect of the oil or air upon the 
interrupting arc makes the current value of the last half cycle 
die out quicker in line with a curve A, Fig. 10, instead of in 
line with the regular sine curve B. Assuming that the flux 
follows the same curve, we obtain voltage values as indicated by 
curve C instead of those shown by D corresponding to a sine 
flux curve. It will be seen that under the assumptions made an 
over-voltage of four times the normal crest voltage is obtained. 
These voltage surges when obtained in practise are of such short 
duration that their full amplitude cannot be measured by the 





standard oscillograph tests; voltages up to four times normal 
voltage have, however, been shown by spark-gap tests. 

Over-Voltages with Closed-Circuit Secondaries 
Since, as previously pointed out, the short-circuited secondary 
has a tendency of preventing any sudden changes in flux, the 
idea naturally suggests itself to open the primary circuit with 
the secondary short-circuited, thereby avoiding sudden dying 
out of the fluxes and over voltages. This is an excellent remedy 
as long as the rotor fluxes and stator fluxes are practically iden¬ 
tical, as for instance, at no load and light loads where the leakage 
fluxes are practically negligible, as compared to the main flux 
common to both stator and the rotor. 
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With heavy overloads, cases are, however, possible where 
short-circuited rotors are not altogether a safe remedy against 
over-voltages because the leakage fluxes may be relatively large 
enough to cause trouble in spite of the favorable damping effect 
of the rotor. This may be-demonstrated by Figs. 11 and 12. 
An induction motor is in all respects very similar to a trans¬ 
former except that the leakage fluxes form a larger percentage 
of the total fluxes. For the purpose of demonstration Fig. 11 
shows, therefore, a transformer with the mutual flux Fn, the 
primary leakage flux Fpi and the secondary leakage flux F^i. If 
now the secondary winding is short-circuited and the primary 
interrupted, the damping effect of the secondary winding will 
tend to maintain constant the flux interlinking with the second¬ 
ary winding. On the other hand, it is evident that the primary 
leakage flux Fpi will die out as soon as the circuit is interrupted. 
Not only that but by far the largest amount of the secondary 
leakage flux will choose the easiest path through the primary 
winding, there being no ,more counteracting ampere turns flowing 
in the primary winding and the path through the main iron 
being of exceedingly small reluctance as compared with the re¬ 
luctance of the leakage path. It is obvious, therefore, that upon 
interruption of the primary current we will not only have the 
primary leakage flux disappear suddenly but add the secondary 
leakage flux which is practically of opposite direction to the 
mutual flux in the primary coil. The total flux change in the 
primary winding is therefore about equivalent to the total leak¬ 
age and while this amount is only a part of the total flux, the 
change being opposed only by eddy losses, etc., in the iron takes 
place so quickly, that voltages of pretty high amplitude may be 
induced. 

The change in flux is further demonstrated by the vector 
diagram of Fig. 12. The vector Ep may be the impressed pri¬ 
mary voltage and Ip the primary current lagging by a certain 
angle. The primary current, sets up, of course, a leakage field 
in phase with the current which may be represented by the vector 
Fpi. This vector induces a reactance voltage which must be 
subtracted from the impressed voltage Ep to give the voltage E^ 
induced by the mutual flux. The vector F^ shifted 90 deg. 
against this voltage represents the mutual flux. By- combining 
this flux with Fpi we obtain the total primary flux Fp. The 
resultant magnetizing current is, of course, in phase with the 
mutual flux and the resultant of the primary current Ip ^and the 
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secondary current The secondary current sets up the 
secondary leakage flux Fsi which combined with Fm gives the 
total secondary flux F^. If the primary circuit is now inter¬ 
rupted and if it is assumed for the moment that the damping 
effect maintains the secondary flux absolutely constant, and if 
we further assume that practically all of that flux swings into 
the primary winding, we see that the primary flux suddenly has 
to change from the value T'j, to the value F^. This is equivalent 
to the sudden addition of a flux vector Fa to the vector Fp to 
give the vector Fs> While this flux Fa which has to be added 
suddenly is smaller than the primary flux, the rate of change is 



so much quicker that voltages in excess of the normal primary 
voltage may be induced in the stator. 

The case shown in Fig. 12 is, of course, extreme, if a normal 
load is considered, but the relative sizes as shown may very 
easily obtain in standard motors with heavy overloads. 

While the bad influence of leakage fluxes exists only with 
severe overloads, such a case is nevertheless of practical impor¬ 
tance in so far as it is just in connection with heavy overloads 
that the primary circuit is frequently interrupted by overload 
circuit breakers while the motor is pulling out and nearing stand¬ 
still conditions. Fig. 13 shows a diagram of the vector relation 
applying to such a case and demonstrates plainly that the sudden 
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flux changes taking place in this case may closely approach 
values equivalent to the total primary flux. 

Most of the oscillograms previously referred to plainly indi¬ 
cate the sudden phase shift of the stator flux when the power is 
interrupted, see for instance, Figs. 4, 5, 6 and 7. 

As previously mentioned, it is not possible to show the full 
extent of the voltage surges by oscillograph test. Some indi¬ 
cation of them is shown, however, in Figs. 14 and 15, which were 
taken at standstill when the leakage fluxes have their maximum 
value while the mutual flux is relatively small. The oscillograms 
show in this case over-voltages up to 70 per cent above the crest 
value of the normal voltage. 

In view of this, it would seem advisable in case of large high- 
voltage squirrel-cage motors to use circuit breakers which inter¬ 
rupt the current in two or more steps by introducing resistance 
or inductance into circuit before the final break is made. In 
case of wound-secondary motors it is good practise to introduce 
part or all of the starting resistance into the circuit before break¬ 
ing the primary circuit. This will temporarily reduce the load 
of the machine, because the motor speed cannot drop quickly 
enough on account of the rotor inertia, to give at once heavy 
torques with the increased resistance. Therefore, the load cur¬ 
rents and with them the leakage fluxes, are temporarily reduced 
to a minimum value, and if the primary circuit is opened before 
the rotor speed has dropped, we have the favorable damping 
effect of the closed rotor circuit to a certain extent, without the 
unfavorable effect of large leakage fluxes. 

Voltages up to double the normal peak voltage have been 
tested with the spark gap and appreciably higher voltages seem 
to be quite likely in certain cases. 

The condition just described with short-circuited rotors is 
most likely to occur in machines with relatively large leakage 
fluxes, that is, principally in low-speed machines with a large 
number of poles. Such machines have not only relatively large 
leakage fluxes, but they are also most likely to pull out under 
heavy overloads, since they usually have rather small pull-out 
torques. 

It appears further from the previous considerations, that over¬ 
voltages are liable to occur if a motor with short-circuited rotor 
is started by closing the primary switches, and if these switches 
are opened again, before the motor has assumed normal speed 
and load conditions. The reopening of starting switches before 
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the motor has speeded up should, therefore, be avoided and the 
switches should be designed to be positive in their action and to 
make bouncing impossible. 

Over-Voltages with Over-Synchronous Speeds 
Another instance in which over~voltages in the rotor circuit of 
wound-secondary motors have been experienced, is in the case 



Fig. 16 a 

yl —Flux Interlinking with Secondary Coil—Single-phase Primary 
5_-Flux Interlinking with Secondary Coil—Polyphase Primary 

of two-speed motors when the primary connections for the low 
speeds were established while the motor was still running at 
high speed. In closing the primary circuit, two contacts will 
always close first, in view of the practical impossibility of closing 



C _Voltage in Secondary with Single-phase Primary 

j ) _Voltage in Secondary with Polyphase Primary 

all contacts simultaneously. The motor is,^ therefore, tempo¬ 
rarily running with single-phase stator excita,tion and. double 
synchronous speed. It may be shown by a simple calculation 
that the flux in the secondary coils assumes, in this case, a 
shape similar to those shown in Pigs. 16a and 16b, and 
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17a and 17b, depending upon the phase position of the 
coils, and that voltages as shown in the same figures 
may be induced in the secondary coils. The dotted sine 
curves of the same figures show the double-speed secondary 



Fig. 17 a 

Flux Interlinking with Secondary Coil—Single-phase Primary 
^ Flux Interlinking with Secondary Coil—Polyphase Primary 

voltage induced by the polyphase field which is, of course, the 
same voltage as at standstill for which the insulation of the sec¬ 
ondary circuits is usually designed. In other words, we obtain 
secondary voltages about twice as large as the normal voltage 



Fig. 17 b 

Q Voltage in Secondary with Single-phase Primary 
D Voltage in Secondary with Polyphase Primary 


and It is either necessary to design the motors and control for 
this higher voltage or to avoid it by making arrangements so that 
the secondary is closed before the primary, which will, on account 
of the damping effect of the secondary, reduce the rate of change 
of the fluxes in the secondary coils and thereby_^the maximum 
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secondary voltages. Over-voltages are not only possible during 
the short period of single-phase excitation, but also exist at the 
moment when the third contact of a three-phase motor is closed, 
because this calls for sudden re-arrangement of the fluxes which 
may induce high voltage in the secondary. The voltage in the 
primary is, of course, always limited by the line voltage as soon 
as the primary switches are closed. 

Conclusions 

Other cases where transient conditions of induction machines 
are of practical importance with regard to the design of control 
arrangements might be cited, but it is considered that the dis¬ 
cussion of the previous examples is sufficient to explain certain 
difficulties which have been experienced in practise and what 
points have to be watched in the design of the control, either in 
order to avoid bad effects by the transient conditions, or to call 
upon the same conditions for the purpose of avoiding certain 
other difficulties. As has been repeatedly pointed out, allow¬ 
ance should be made in this connection for the size of machine 
to be controlled, its inherent characteristics, and the like, as 
it is possible to take certain risks along the lines discussed in 
case of small low-voltage motors, while all the points may have 
to be considered very carefully in connection with other motors, 
for instance, of large capacity and high-voltage windings. 

While practical experiences have taught both control and 
motor designers, relatively early, to take care of most of the 
conditions pointed out in this paper, it is believed that a more 
detailed study of the conditions to be met will lead to further 
improvements. The induction motor enjoys the just reputation 
of being the simplest motor requiring the least attention and 
maintenance of any of the existing motor types, and there is no 
doubt but that this reputation can only be improved if all 
characteristics of the motor are more fully understood and al¬ 
ways properly taken care of by a harmonious combination of 
motor and control design. 
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PERFORMANCE OF POLYPHASE INDUCTION MOTORS, 
UNDER UNBALANCED SECONDARY CONDITIONS 


BY A. A. GAZDA 


Abstract of Paper 

Continuous operation of the wound-rotor induction motor, 
when the external resistances in the secondary phases are not 
equal, is shown to be feasible. The effect upon power factor and 
heating is discussed. Curves showing the performance of poly¬ 
phase motors with single-phase secondary are presented. The 
practical advantages of using unbalanced secondary connections 
are pointed out. 


INURING the past few years, the electrical engineer has 
been obliged to utilize every possible expedient in order 
to meet the demand for control apparatus having the fewest 
number of parts, and simplest connections. It was with this 
thought, that the following study of the operation of the poly¬ 
phase induction motor, with unbalanced secondary, was made. 
No attempt will be made to present a complete mathematical 
discussion of all the phenomena taking place, but rather, to give 
a simple explanation of the effect-upon the various characteris¬ 
tics, and show the feasibility of continuous operation when the 
secondary resistance is not equal in all phases. 

In order to make the investigation thoroughly practical, 
a series of tests was made, to cover the following points: 

1. The comparative heating of various motors when operated 
at a constant-torque load, with {a) balanced secondary, {b) 
unbalanced secondary, {c) single-phase secondary. 

2. The effect upon primary and secondary current, power 
factor and torque, when the secondary is unbalanced. 

3. The operating characteristics of a polyphase induction 
motor, with single-phase secondary. 

The usual method of obtaining speed control of induction 
motors is to vary the secondary resistance. This may be done 
internally in various ways, but the more common practise is to 
use a phase-wound secondary with slip rings, whereby external 
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resistance may be inserted in the rotor circuit. This external 
resistance may be short-circuited in several steps by means of a 
controller, shown schematically in Fig. 1 a. 

Referring to Pig. 1 b, it is evident that, although six switches 
are used, the resistance will be balanced on only three points, 
viz., No’s 1, 4 and 7. 

It has frequently been suggested that the unbalanced points 
be used for continuous running, but the objections were im¬ 
mediately raised that the secondary currents would be greatly 
unbalanced, and the heating increased to a prohibitive degree. 
This view seems logical at first glance, but further analysis 
shows that it is not justifiable, as there are several other factors 
to be taken into consideration. These will be discussed in turn. 

I. The unbalancing of the secondary currents is not as. 
great as the unbalancing of resistance would indicate. Some 
vector diagrams, showing typical conditions, will make this'' 


^To Motor 
Secondary 


Fig. 1 A Fig. 1 b—Sequence of Switches 

clear. Take first the case in which a part of the resistance in one 
phase is short-circuited. (See Pig. 2). For the sake of sim¬ 
plicity, we will neglect the inductance and resistance of the 
secondary winding. The former would distort the diagram in 
such a way as to give a slightly greater difference between the 
low current and high current, while the latter merely adds a con¬ 
stant value to all phases which tends to balance the currents. 
It is seen that, although the resistance in one phase is only 
one-half the value in the other two, the difference between the 
maximum and minimum current is only 30 per cent. This does 
not mean that the one phase will carry an overload of 30 per 
cent., because, under balanced conditions, full-load current 
would dake some intermediate value. 

Fig. 3 is similar to Fig. 2, except that now two legs have low 
resistance, and one high. In this case, the ratio of maximum 
to minimum current is greater than before. Notwithstanding 
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this, the per cent above normal full-load current is less than in 
Fig. 2, because two phases are carrying the high current. An¬ 
other way of looking at this is to say that in all cases, the cur¬ 
rents adjust themselves so that the average r.m.s. value of the 
three currents is approximately equal to the normal balanced 
full-load current. In Pig. 2, the normal balanced current would 




be 111 amperes, and the overload in the maximum phase 17.1 per 
cent. In Fig. 3, the normal balanced current would be 135 
amperes and the overload 11.1 per cent. 

II. The unbalanced secondary currents react upon the 
primary in such a way as to draw a current from the line at a 
frequency which is lower than normal line frequency. This 



phenomenon is caused by the single-phase component of the 
secondary field, the effect of which, in the extreme case of 
infinite resistance in one phase, has been explained by Mr. B. G. 
Lamme.^ Fig. 4 is an oscillogram, showing this action in the case 
of a polyphase motor with a single-phase secondary, the motor 
running at half speed under this condition. Pig. 5 shows the 


1. Electric Journal, Vol. XIII, page 394. 
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corresponding action when the secondary resistance is unbal¬ 
anced. 

The magnitude of this low-frequency current ranges from 
10 to 30 per cent of the reactive component of full-load primary 
current, but it does not materially affect the primary line current, 
or the power factor of the motor. In the first place, any chr- 
rents having a frequency different from that of the line voltage, 
are reactive, i.e., they draw no power from the line^. Secondly, 
currents of different frequencies cannot be combined alge¬ 
braically. 

It was shown by Bedell and Tuttle,® that in such a case, in 
order to give a vectorial representation, the third dimension 
must be used. Referring to Fig. 6, E represents line voltage and 



Ii, the current that would flow if no harmonics were pres¬ 
ent. I 2 then, is the power component, and Mu the mag¬ 
netizing, or reactive component. The low-frequency current, 
due to the unbalanced rotor, may now be represented by M 2 at 
right angles to both E and Mi, while the resultant magnetizing 
current will be V Mi^ + M 2 ^ or M 3 . Finally, the resultant 
current drawn from the line is 'V 1 2 ^ Mz^ or Iz- Com¬ 
bining the two previous statements, it is seen that Iz = 


2. This follows from the fact that 


/■» 


(sin mt sin nt dt) vanishes 


except for the case where m — n. 

3. Trans. A. I. E. E., 1906., Vol, XXV., page 685. 
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"f" H6nc6, if il ^2 is s-s high 8-s 30 per cent of 

Ml, Mz will be only 4.5 per cent greater than Mi, which means 
that the increase in the reactive component, due to unbalancing, 
will not exceed 5 per cent. Assuming that a motor runs normally 
at a power factor of 80 per cent, unbalancing the rotor resistance 
will decrease this value to 78.6 per cent. On the other hand, 
the increase in line current will be 1.5 per cent under the same 
condition, and hence, primary copper heating will be 3 per cent 
greater than under balanced conditions. Since the primary 
draws just sufficient low-frequency magnetizing current to 
compensate for the pulsating action of the secondary, the flux 
conditions remain the same as in the case of a balanced rotor, 
and the iron losses are not changed. 

III. The rating of a variable speed motor depends upon 
the heating at the lowest running speed, because ventilation is 
poorest at this speed. Since the fan action of the rotor varies 
approximately as the square of the speed, the least ventilation 
will occur on the first notch of the controller, which, in com¬ 
mercial practise, usually connects all the external resistance 
to the secondary circuit, in a balanced arrangement. Even 
though succeeding steps cut out the resistance in such a way 
that unbalanced conditions are obtained, the ventilation is 
improved so much by the higher speed, that the motor will 
dissipate considerably more heat, with the same temperature 
rise, and the rating is not diminished by the slightly increased 
losses. 

IV. As was pointed out in Part I, the currents will not be 

the same in all phases of the secondary. However, it is not 
correct to assume that the rating will be limited by the maximum 
current in any phase. Experience shows that in any rotating 
apparatus carrying unbalanced load, the heating, broadly 
speaking, will be proportional to the sum of the squares of the 
various currents {I-^ + This is particularly true of 

rotor windings. The design limitations will have a bearing on 
this factor; for instance, if the coils are heavily wrapped with 
insulation, localized heating may take place. This rarely occurs, 
because the designer may choose comparatively low voltage for 
the secondary, since it is independent of power supply. Further¬ 
more, modern mica-insulated coils conduct the heat out of the 
copper very readily. 

V. A large number of tests were made on motors of various 
sizes, speeds, etc., to check the foregoing conclusions. In the 
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load runs, particular attention was paid to the rotor copper, 
to detect any temperature rises greater than normal. The 
uniform heating of the rotor was demonstrated by both ther¬ 
mometer and resistance readings. The total secondary copper 
loss was found to run 5 to 10 per cent higher under unbalanced 
than under balanced conditions. This bears out the statement 
that 4 - JgS = 3 where lu I 2 and Z 3 represent the 

unbalanced currents, while In is the normal balanced current. 
(See Table I.) In a series of load runs with constant torque, 
using a controller which gave unbalanced points, it was found 
that the temperature rise, with the first one or two steps of 



Fig. 7—Porty-h.p., Three-Phase, 60-Cycle, 220-Volt, S-Pole 
Induction Motor—Single-Phase Rotor 

Curve 1—Speed—torque—1.6 ohms resistance in one phase of rotor 

Curve 2—Primary amperes—torque—1.6 ohms resistance in one phase of rotor 

Curve 3—Speed—torque—0.8 ohms resistance in one phase of rotor 

Curve 4—Primary amperes—torque—0.8 ohms resistance in one phase of rotor 

Curve 5—Speed—torque—one phase of rotor short-circuited 

Curve G—Primary amperes—torque—one phase of rotor short-circuited 

Curve 7—Primary amperes—torque—three phases of rotor short-circuited 


resistance cut out, was the same as on the first balanced point, 
while at still higher speeds, the rise was less, even though the 
secondary was unbalanced. Test fully justified the statements 
made in Part II, in regard to primary current and power factor. 
Very accurate readings had to be taken in order to check the 
small increase in current. Although it was found that the degree 
of unbalancing had some effect on the operation of the motor, 
nevertheless, with the unbalancing that is common in standard 
commercial controllers, the operating characteristics are well 
within the limits stated previously. The per cent of no-load 
magnetizing current in terms of full-load current, had a distinct 
influence upon the increase in primary and secondary currents. 
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In general, the motors with small no-load magnetizing current, 
showed the best performance. 

Tests were made to observe the operation of polyphase 
motors running with single-phase secondary. Under these 
conditions, the starting torque was found to be about 60 per cent 
of the torque with balanced conditions, the current in the 
secondary winding being the same in each case. With this con¬ 
nection, an economical method of continuous operation at half 
speed is obtained. An important advantage of this method is 
that a stable speed is maintained, independent of the load. 
This would mean a great saving in resistors, particularly where 
half speed is desired at reduced torque, as in fan or centrifugal 



POUND-feet torque 

Fig. 8 a— Torque Characteristics of 50-h. p., Three-Phase, 60- 
Cycle, 220-Volt, 6-Pole Induction Motor 

Curve 1 Speed—torque—short-circuited rotor 

Curve 2 Speed torque—balanced secondary resistance 

Curve 3—Speed—torque—single-phase rotor 


pump application. The no-load magnetizing current is a very 
important factor in this case, and must be taken into account. 
For example, small low-speed motors may draw excessive cur¬ 
rents with one phase of the secondary short-circuited, or if too 
much external resistance is inserted in the single-phase secondary, 
a stable condition will not be obtained at half speed. Fig. 7 
shows the torque and current characteristics of a 40-h.p., 3- 
phase, 60-cycle, 8-pole, 220-volt induction motor, with wound 
secondary, when one phase of the secondary is open-circuited. 
These curves are plotted from test, results, and perhaps are the 
first to show the effect of secondary resistance, under the given 
conditions. At no load the primary magnetizing current is 
Q-PPPoximately twice the amount required under normal bal- 
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anced conditions, but as the load increases, an apparent paradox 
takes place, in that the line current decreases to a certain mini¬ 
mum value before any increase takes place. 

Curves in Fig. 8a and 8b show comparative characteristics 
of a 50-h.p. motor, (1) when operating with single-phase secon¬ 
dary, (2) when operating with 3-phase balanced resistance, to 
give half speed at full-load torque. The reduced power factor 
under the single-phase secondary condition is due to the great 
decrease in power drawn from the line, while the reactive com- 



POUND-FEET TORQUE 

Fig. 8 b —Torque Characteristics of 50-h.p., Three-Phase, 00- 
Cycle, 220-Volt, 6-Pole Induction Motor 

Curve 1—Input—torque—single-phasc^ rotor 

Curve 2—Primary amperes—torque—single-phase rotor 

Curve 3—Power factor—torque—single-phase rotor 

Curve 4—Input—torque—polyphase rotor 

Curve 5—Primary amperes—torque—polyphase rotor 

Curve 6—Power factor—torque—i^olyxjhase rr)t<jr 


ponent remains practically constant. Note that at full-load 
torque, the power input required is reduced almost 50 per cent. 
These curves show that it is quite possible to obtain a half-speed 
running point by^ this method. 

Conclusion 

The practical significance of this investigation may be sum¬ 
marized as follows: 

1. With the proper design of resistor steps, it is safe practise 
to operate polyphase induction motors at full-load torque, with 
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unbalanced secondary resistance. Under these conditions, the 
power factor will be slightly reduced, but the increased copper 
loss will be amply compensated for by the better ventilation 
of the motor at the higher speeds. 

2. A limited range of motors which have a low percentage 
of magnetizing current, may be operated under full-load torque 
at half speed, with single-phase secondary, while practically 
any motor may be operated under these conditions when con¬ 
nected to a variable torque load, such as blowers, centrifugal 
pumps, etc. 

By taking advantage of the principles brought out in this 
paper, it will be possible to obtain much simpler control appara¬ 
tus than has been common in the past'. Control schemes, includ¬ 
ing single-pole resistance switches, may be used, which will 
result in fewer parts to maintain, less control wiring, and smaller 
size controller. The amount of resistance may be reduced, and 
floor space saved. 
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Discussion on ‘‘Transient Conditions in Asynchronous 
Induction Machines and Their Relation to Control” 
(Hellmund) and “Performance of Polyphase Induc¬ 
tion Motors Under Unbalanced Secondary Condi¬ 
tions” (Gazda), New York, February 16, 1917. 

W. B. Kouwenhoven: I should like to ask Mr. Gazda to 
explain the operation of the polyphase induction motor with a 
single-phase secondary at half speed. The paper does not make it 
clear how this half-speed characteristic is obtained from the ordi¬ 
nary induction motor. I have known of cases where one of the 
secondary windings burned out, or opened circuited, and the 
machine kept on running at full speed. 

A. A. Gazda: Let curve 1, Fig. 1, represent the normal speed- 
torque curve of a polyphase wound-rotor induction motor. If 
one secondary terminal is disconnected, the resultant single¬ 



phase secondary winding sets up an unbalanced e.m.f. that 
reacts upon the primary and causes the current to flow into it 
through the circuit completed by the transformer or generators, 
to which the motor may be connected. If f represents the line 
frequency and .y slip frequency, the frequency of the current, 
which is pumped back into the line, will be 2s —f. It is evident 
that at half speed, this frequency and therefore the current will 
be zero. Below that point, a motor action will take place, and 
above a generator action. Curve 2 shows the component torque, 
as set up by the action of the single-phase secondary. The 
resultant external torque of the motor is shown in Curve 3. 
The motor will have two pull-out points, so that when it is 
operating at high speed under this condition, it will carry a load 
which will approach the normal pull-out point more or less 
closely, depending upon the characteristics of the" particular 
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motor. In this case, the secondary windings will take more 
cupent than in the normal three-phase motor because only two- 
thirds of the windings are working and it will give about 60 
per cent starting torque. Line A of Fig. 1 represents the 
minimum load which the motor will hold at half speed. This 
line may coincide with zero torque or it may not. I have found 
with some motors that if there was high resistance in the second¬ 
ary, this would not come back to zero; that is, with a small load, 
say 10 per cent of full load, the motor would go right through 
the half-speed point and run at full speed, but in the case of 
larger motors, stable operation will be obtained at half speed 
from zero torque to some pull-out point which is less than the 
normal pull-out point of the motor with polyphase secondary. 

R. B. Williamson: There is one feature in connection with 
the unbalanced secondary resistance to which I would like to 
call attention. In case a motor operates on the same circuit 
with lights, the pulsations caused by the unbalanced secondary 
currents may be sufficient to cause undesirable fluctuations in 
the lights due to periodic variations in line drop. I have in 
mind one case where this has occurred and where it will probably 
be necessary to change to the balanced type of secondary 
resistance. 

H. Maxwell: It has long been the practise to furnish drum 
controllers with collector-ring type of induction motors so ar- 
ranged as to cut out the steps of resistance in the different 
phases of the secondary in successive order. It is very interesting 
to have results of actual tests and mathematical deductions 
therefrom, which prove that the unbalancing thus produced 
does not materially increase the heating of the motor. 

Mr. Gazda^ mentions the possibility of utilizing the stable 
half-speed which can be obtained with a low resistance single¬ 
phase rotor. ^ There is one very serious objection to operating 
an ordinary induction motor with one phase of the rotor open, 
which should be pointed out. 

An_ operator occasionally switches a loaded motor on or off 
the circuit when it is running near synchronous speed, and as 
contact is not made simultaneously in all phases of the primary 
the motor frequently operates for a few cycles with single-phase 
primary circuit. If the rotor also has a single-phase secondary 
circuit during this period, a very high voltage is induced in the 
open phase of the secondary. 

We took some oscillograms of this induced voltage a few 
years ago on a 10-pole, 60-cycle, 75-h.p. motor of standard de¬ 
sign, and found it to be an alternating wave of approximate 
double-line frequency with a very sharp peak in one direction 
reaching a maximum value seven times the normal standstill 
open-circuit voltage of the rotor. 

The explanation of this lies in the fact that with a single¬ 
phase primary and single-phase secondary there are certain 
positions of the rotor where the m.m.f. of the load currents in 
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the primary and secondary coils do not directly oppose each 
other, but combine to produce a very high resultant value of 
m.m.f. forcing a flux sufficient to saturate the magnetic circuit 
at right angles to the main flux. This peak of the flux is enclosed 
by the open phase of the secondary and its high value coupled 
with the double frequency of the secondary produce the very 
high induced voltage. 

_ Campbell Macmillan: The case of polyphase motors with 
single-pha’se secondary resistance has been analyzed by Arnold 
in his book on induction motors (page 186). The formulas 
given can be confirmed by tests on commercial motors within 
close limits. 

The torque curve when plotted against slip is analogous to 
the curve for a cascade-connected set consisting of two similar 
motors. It consists of a motor portion with synchronous con¬ 
ditions at one-half the synchronous speed of the normal motor. 
For some distance above half speed the torque is negative but 
changes again to positive before reaching full synchronous speed. 
By inserting a large resistance in the third" phase of the rotor 
and gradually reducing it, the curve is transformed by the 
elimination of the negative torque into the normal curve of the 
motor with balanced polyphase rotor. 

Until the balanced condition is approximately attained there 
is a dip in the torque curve near half speed, and with most types 
of load, this dip will cause the speed to be unstable in the region 
just above half speed and with certain types of load, hunting 
actually occurs. The amount of unbalance which will give 
rise to this condition for any given type of driven load will 
depend on the extent to which the iron of the motor is saturated. 

The cascade characteristics of single-phase rotor operation are 
indicated in the following figures for a standard 6-pole, 25-h.p. 
motor. 


Single-phase rotor 


Current running light at 

Three-phase rotor 

operation 

Ratio 

rated e.ra.f. (220 volt). 
Current at standstill (220 
volts) (tested at lower 
e.m.f. and assumed pro¬ 

19.2 A (1200 r.p.m.) 

40.3 (600 r.p.m.) 

2.1 

portional) . 

Maximum torque (220 

360 A 

254 

0.707' 

volts). 

326 lb. at 1 ft. 

282 lb. at 1 ft. 

0.866 

Slip at maximum torque 

22 per cent 

12.6 per cent 

0.573 

Starting torque. 

160 lb. at 1 ft. 

160 lb. at 1 ft. 

1.00 


In order to follow the operation of the motor with single¬ 
phase rotor it is convenient to consider the single-phase rotor 
current as equivalent to two systems of balanced polyphase 
currents of half maximum amplitude rotating in opposite direc¬ 
tions relatively to the rotor. One of these locks with the pri- 
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mary rotating field, the other acts as primary system for which 
the stator short-circuited through the supply system acts as a 
secondary system for currents of all frequencies other than that 
of the generator. These currents are not strictly reactive 
although they draw no further energy from the line. On the 
contrary by the absorption of energy they contribute to the 
torque of the motor. 

A. E. Averrett: A short time ago I made some tests similar 
to those Mr, Gazda has outlined, on a rather small motor,- a 
5-h.p., with the secondary resistance rather high, and obtained 
some rather unusual results. The three-phase torque was about 
like curve A Fig. 2. The single-phase rotor torque started a 
little below, ran through half speed, down, and came back like 



curve B ; the cascade action when above half synchronous speed 
seemed to take out a portion of the single-phase torque. It 
showed 140 lb. for the three-phase, 130 lb. for the single-phase, 
160 lb. was the maximum, and 300 lb. negative .torque, which 
is very unusual. This motor, as you can see by the shape of 
the torque curve, was of rather high resistance. We used to 
make it a practise in our testing department to start a 5-h.p. 
induction slip-ring motor with single-phase secondary, and some¬ 
times they would run to speed and sometimes would not. It was 
almost entirely a question of brush contact resistance. In a 
motor of perhaps 10 h.p. the carbon-brush contact resistance 
would be enough to eliminate the dip but in a motorj[of perhaps 
100 h.p. we could^ not reach full speed unless we ran all three 
phases. We continued this test by adding in resistance and 
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a lower value torque, and we obtained a curve that 

<^ive^fullTofl!l^t patting in secondary resistance to 

fnin,,? 1'^ torque, as a three-phase motor, or half full-load 
line^ motor, it would come almost to a straight 

tornil ^1 “Otor at half-load 

svZZ if V j'ot fo’* the danger that Mr. Maxlell 

speaks of a nse in secondary potential, but for small motors 
that would not be senous,—for motors of perhaps 20 h.p.to 30 h p 

c, Mr. Gazda has treated in his paper a 

bject of rather marked practical importance, namely, the use 
^ unbalanced resistances in the sec¬ 

ondary of induction motors, and has 
shown that the unbalancing of the 
currents is not -appreciable in most 
cases. ^ He has given two specific 
cases in Pigs. 2 and 3 of his paper, 
and vector diagrams relating thereto* 
Since a knowledge of the unbalanced 
conditions over the entire range used 
in practise may be of interest, I have 
worked out a simple diagram for this 
Fig. 3 purpose and a curve showing the re- 

If wa « that the SSa^y S^e^Stragea ate of a 

rehtion^t^MoUlSt ^*“”“‘1 voltage and cortect phase 

fairiv SnifoiS^rnf.!-^ primary field must be a 

rotating field no matter what haoDens in thp 

comtJ^m^f‘hTtbe™* “ »» Mace the proper 

.rSdf cmnecdo? Z”t“,¥^' a"-“- "'s''”'"'"' f^her assumed 
connection that the ohmic and reactive drops in the 

mu^ S ffZ negligible. Since the primary fielS 

effect of the^se'iond^i; neglect the inductive 

what the speed ciirr3’ evident that no matter 

rlur 1 ^ resistances of the secondarv are 

the secondr^^ Thewff balanced three-phase voltages in 
ropresentod by the 60 d?s‘;1„S?5 £ clf Ka W' ■' 

£ 2 ^Mtto‘‘??he^^^^^ rdVo »i‘a I 

drops in the reactances are alike. The neuS poMt of 

dicukr^r^D™^^*’ always be located upon^the perpen- 

^v poiSt^O^oT?h-triangfe. IfweLsSme 
lines ^ perpendicular, we know at once that the 

resStancIs ^ ff represent the ohmic drop in the 
resistances. If we further assume any current 13 in thp r,nf> 

resistance, we know at once that the sL lYthe two otSr cur 

th2 id W opposite to this cmSt 

. can find the other current by making 0 F equal to 
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one-half of 0 J 3 and find the intersection point of a line parallel 
to ^ ^ through F and the lines 0 A and 0 B. Having the ohmic 
drops and the currents, it is easy to find the corresponding 
resistances for each leg. The curve, Pig. 4, was obtained in 
in this manner by assuming the point 0 at different locations 
between C and D. The curve shows that for the usual range of 
unbalanced resistances the increase of current over the equiva- 
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lent balanced current is not appreciable, and indicates that the 
increased losses are in most cases very small, as pointed out in 
Mr. Gazda’s paper. It should not be overlooked that the 
figures given apply only if the ohmic drops are relatively large 
as compared with the reactive drops, so that the reactive drops 
can be neglected. This is only the case when the external 
resistance is appreciable as compared with inductance. With 
the external resistance approaching zero, conditions are essen¬ 
tially changed from those given in the diagram and curves. 



Arthur Simon: I was glad to see that Mr. Hellmund has 
given a method of calculating the currents which actually flow 
in the unbalanced resistance, or in the unbalanced phases, due 
to the unbalanced resistance in the induction motor. This 
method can be extended to a system under which all three 
currents have different values. We have used such a system 






1917] 


DISCUSSION AT NEW YORK 


355 


for several years, and we find that it is only, obviously, an ao- 

approximation does not seem 
maHou introduce a second approxi- 

thpS are more 

than sufficiently close to actual conditions. By using this 

method, we can precalculate the speed curves of an induction 
motor very carefully. Fig. 5 shows the behavior of an induction 
unbalanced conditions, having the resistance in 
11 three phases _ different. The actual speeds observed under 
operating_ conditions at no point vary more than two and hal f 
per cent from the calculated speed. 

I wish to point out what perhaps maybe an error. It is not 
very serious, but it misled me, and it took me a long time to 
^ m _Mr. Gazda’s paper. You will find 
tne first three columns give the resistance in the rotor circuit. 

_ drew the conclusion that the secondary amperes which are 
given m three columns about the middle of the page, fell in the 
same rotation as the resistance, that is, the first column of 
currents belonged to the first column of resistance and so on 
but apparently that is not the case. The second column of 
currents apparently corresponds to the third column of resistance 
If you analyze the table that way, it seems to check up 

tiom ^as brought to light some ac- 

ThP « t been available 

peaks, obtained when the line voltage is inter- 

^ cycles, give a hint as to the reasons for 
violent explosions of switches, which have occurred in the oast 
particularly when changing connections on rotatinriSuS 
L interested to know what maximum possible 
peaks could be obtained under this condition. On account of 

practicalVy oS of the 
question to get the worst case by means of oscillographs. The 

counter e.m.f. to it, are the two mam factors. In addition to 
these may be mentioned the external load, the number of cycles 
0 voltage interruption, the stored energy and dissipating con 
slants, as brought out by Mr. Hellmund. By makin^some 
assumptions in regard to these factors, it seems that under the 
worst possible conditions, a peak current of approximately four 
times locked-motor current may be obtained. ^ 

° “Stantaneous values of line voltage, current 

is shown in addition. As has been brought out, we will assurne 
that It takes several cycles to build up the maM Totor C 
hence, only leakage fluxes will be set up and the flux curves in 
he diagrams refer to these. The effect of motor resisSnS 5 
small and may be neglected. With the dead motor running at 
full speed, the line switch is closed on the maximum ooint of 

at tfils point and a symmetrical wave of flux and current is 
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obtained, the maximum value of the lattCT beiuK equal b) the 
motor current under locked conditions. Fig. 6 illustrates this 
case. In Fig. 7 the line switch closes at the zero point ol uu 
voltage wave and the rate of change of flux must be 
(or negative, as the case happens to be) for half a t\vele. Ke- 
membering that at zero time the flux was zero, it is seen t la an 
unsymmetrical peak of about twice locked current, will How 
Now, take the case in which the motor voltage has not. detTeaseu 
appreciably during the switching process; assume that tin* im¬ 
pressed voltage is equal and opposed to the motor voltage 




the switch closes on the zero point of the wave. The flux now 
starts at zero and must balance double line voltage ovcjr a pcTioel 
of half a cycle. In comparison with Fig. 7, evidently four t.iiruT. 
normal flux must be set up with a corresponding unsynmiijiriral 
current peak of four times normal locked value. This is sliowii 
in Fig. 8. Other factors, such as resistance, building up of ilict 
main field, and decay of motor voltage, may prevent tluj prac*- 
tical realization of this large current, but at all events, it. givc’S 
an indication of the limiting or worst condition. 

H. D. James: We have been starting induction motors for 
twenty years and have experienced little trouble from ihv causers 
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set forth m this paper. This is largely due to the fact that the 
phenomena described by Mr. Hellmund are not of sufficient 
magnitude in small motors, or even large low-speed motors, to 
cause serious difficulty. Several accidents have been observed 
four-pole squirrel-cage induction motors, 
w ^ attributed simply to an accident, 

out the tact that they reoccurred several times under similar 
conditions, indicated that something was wrong with the method 
^ motor. The investigation that was made re- 

suhed in the paper which Mr. Hellmund has presented. 

paper is of particular significance in connection with 
turbo-blowers and similar applications where large high-speed 
squirrel-cage induction motors are used. It has not been until 
mcently that rnotors of this kind have been placed on the market, 
the demand, however, is rapidly increasing and it will be well 
lor engineers to note the particular features brought out by 
Mr. Hellmund. 

This emphasizes the necessity of the engineer designing the 
motor being familiar with the controller design also. There is 
little danger of trouble if the conditions are understood and the 
motor and controller designed to avoid the difficulties brought 
out m the paper. ^ 

Mr. Gazda’s paper brings out the possibility of operating a 
slip-ring motor at half speed, where the motor is driving a fan or 
blower. The tendency of the motor to run at practically con¬ 
stant speed over a considerable variation of torque is a very 
desirable feature, as it is sometimes difficult to predetermine the 
exact torque of the fan when operating at half speed. Very 
frequently, the resistor has to be changed after the fan has been 
installed, m order to get the proper speed. 

_ It has been pointed out that surges may take place with 
single-phase secondary operation, due to the reaction of a single¬ 
phase primary on a single-phase secondary. I believe that this 
can be easily avoided by introducing resistance into the second¬ 
ary circuit before the primary switch is opened. 

I happen to recall a little incident related to 
Mr. Hellmund s subject. Several years ago we had a large 
induction motor, an 18-pole machine, and through some accident 
there was force enough^ exerted to bend the ends of the barrel 
Wjinding clear back against the end flanges. No one could ex¬ 
plain it. Undoubtedly it was something of this same type. It 
has been known for some time that at the instant of throwing in 
transformers there is a heavy surge of current. With the ten¬ 
dency of economically designed induction motors to reach high 
saturation, the exciting current required comes up very much 
faster than proportional to the magnetization and it takes several 
times current to get twice the magnetism; under these condi¬ 
tions an enormous surge of current for a cycle or two may be 
produced. I think that is what occurred in this particular 
motor. It was simply electro-magnetic force bending the con¬ 
ductors back against the frame, and ruining the motor windings 
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H. D. James: It has been the general opinion of engineer 
that the maximum current taken by an induction motor will 
not exceed the lock current of that motor. This paper shows 
that the maximum current may be at least four times this value. 
In starting an induction motor, it is the usual practise to con¬ 
nect the motor to low voltage, usually obtained from^ auto 
transformers. After the motor has accelerated to its maximum 
speed on this voltage, it is disconnected from the transformers 
and connected to the full line voltage. In passing from the 
starting to the running position, the motor is disconnected en¬ 
tirely from the line, and it may be reconnected with the phases 
180 deg. out of step. This would give a very severe rush of 
current. 

R. E. Hellmund: I would like to add a few remarks with regard 
to the best combination of high-voltage motors and control, 
which I have touched upon only briefly in my paper. We know 
that an oil switch is one of the best means for interrupting a 
current quickly, and it is a switch that does not need much 
renewal of contacts. But in looking at the question of over 
voltages in the motor, it may be found that the switch which 
takes the best care of itself is not by any means the best switch 
for the motor. It is an old practise to interrupt a d-c. machine 
field circuit slowly, possibly by drawing out a long arc. A 
similar practise should perhaps be considered in connection with 
induction motors. Among other things the use of air switches 
for high-voltage motors is worth while considering. While an 
air switch may not be as good a switch as an oil switch, it might 
greatly assist in preserving the insulation of the motor. 

In this connection I wish to mention that the little figure I 
have given, (Fig. 10), to demonstrate how an over-voltage may 
be induced, is only given as an example, and does not by any 
means cover this field. Investigations have shown for instance 
that a circuit-opening arc in oil will break off and then suddenly 
break through the oil again, and in doing so will build up the 
current and field very quickly. The same investigations have 
shown that over voltages frequently occur when this happens. 
Studies along such lines should be useful in bringing about the 
best all around combination of high-voltage motors and their 
control apparatus. 

A. A. Gazda: Mr. Williamson asked a question in regard to 
the effect of pulsating current in the primary. I can say that 
in most cases it will not have any effect upon the power system. 
Trouble may arise when the size of the motor is comparable with 
the size of the generator. The primary of the motor acts as a 
secondary for^the pulsating current, and it pumps back through 
a circuit, which consists of the network, but in general the 
resistance of^the circuit on which it is feeding is very much less 
than the resistance or inductance of the motor windings itself; 
therefore, you have practically a short circuit which wipes out 
all effect upon apparatus on the line. 
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The test data that were presented, giving the results of actual 
tests on different sized motors, are very interesting and I believe 
that they corroborate the conclusions in the paper. 

Mr. Maxwell brought out the point that high transient volt¬ 
ages have been recorded when switching takes place on a poly¬ 
phase motor running with a single-phase secondary. With 
ordinary connections of controllers, the single-phase secondary 
connection is made when the motor is at a standstill. Under 
this condition voltage surges will not be obtained when the 
primary switches are closed, even though two should close before 
tl^ third. On the other hand, the way of preventing high voltage 
when the motor is running would be to arrange the controllers 
so that when the low speed, or half speed is desired, it is neces¬ 
sary to come to the off position first, because in stepping back 
from, a three-phase to a single-phase secondary, the motor may 
continue to run near synchronous speed. Returning to the off 
position and starting all over again will eliminate any danger of 
the high voltage, and prevent the accidental operation of the 
motor at high speed with single-phase secondary. 

^ In regard to^ hunting, and the action of different motors under 
different conditions, we are making a detailed investigation of 
the effect of all the variables, including primary resistance and 
reactance. This has not been completed as yet and I am not 
prepared to say what will happen in every case. In a motor 
which has a high primary resistance, the unbalanced voltage 
reacting upon the primary will create a greater torque than if 
the resistance is very low and give more stable operating char¬ 
acteristics at the half-speed point. 

I am very glad that Mr. Simon has a method of calculating 
the unbalanced current, and that he will give us the benefit of 
his investigations. Mr. Hansen, whose paper was presented 
this morning and I have independently derived methods of 
calculating unbalanced current. The methods are based on a 
very simple fundamental law; that is, we assume that the in¬ 
ductance and the resistance of the motor are known, and then 
add the external resistance to each phase, finally treating the 
problem as if a balanced voltage was applied to a three-phase 
circuit with a variable amount of resistance and inductance in 
each phase. The method has been found to give a fairly ac¬ 
curate predetermination of the speed-torque curve, and of the 
secondary currents. The greatest difficulty we have had'is to 
determine the actual amount of resistance there is in the circuit. 
For instance, we found that the resistance of the external circuit 
varied with the frequency, and we could not take the normal 
resistance as obtained with d-c. measurements, as being the true 
resistance when alternating current is applied to it. 
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RELAYS FOR HIGH-TENSION LINES 

BY PHILIP TORCHIO 


Abstract of Paper 

The author considers the following arrangements desirable: 

For radial feeders not in parallel —^inverse-time-limit overload 
relays, with selective ground relays. Radial feeders in parallel — 
reverse-power relays in combination with reverse-time-element 
relays, or the balanced system. Single lines in tandem —definite 
and^ inverse-time-limit relays with -progressively longer time 
settings near the generating station. Two or more parallel lines in 
tandem —inverse-time-limit relays at the points where the power 
leaves the station or substation, and overload relays in combina¬ 
tion with reverse-power relays at the points where the power 
entem the substation; also, the balanced system preferable, when 
possible. Single line ring systems —inverse-time-limit relays, 
combined with reverse-energy relays, or, preferably, the balanced 
system. Parallel line ring systems —inverse-time-limit relays 
on the outgoing feeders at the generating stations, and a balanced 
interconnected combination of reverse-energy and inverse-time- 
liimit relays at the receiving ends of the supply feeders. Tie 
lines —some balanced arrangement. Generator relays seldom 
used, but arrangements are suggested. Transformers —differen¬ 
tial relays. Special grounding relays for extra high-tension cable 
feeders. 

Appendices A, B, C describe connections of reverse-power 
relays, relay testing and a special installation. 


I. Introduction 

D uring the past two or three years important papers and 
discussions have been published describing the latest 
developments and operating results regarding relays for high- 
tension lines. 

These developments have narrowed down to certain specific 
arrangements based on different fundamental principles and 
each requiring characteristically different types of relays. I 
shall not here describe the structural and operating details of 
all these types of relays. Full descriptions can be found in the 
references and other literature. I shall, however, attempt to 
review the most prominent systems of relay protection and their 
fields of application, pointing out for a few practical cases the 
combinations used to obtain the maximum degree of protection 
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with minimum expenditure, especially for the conditions of 
existing lines. 

II. Definitions 

Certain terms and expressions have assumed, in practise, 
specific meanings. Those used in this paper are defined as follows: 

Radial feeders or independent feeders. Lines transmitting power from 
a generating station (or main source of supply) to a substation or a 
customer’s installation. 

Radial feeders are operated (or not operated) in parallel at the substa¬ 
tions according to whether their high-tension terminals are metallically 
connected to the same high-tension bus bars or to independent high- 
tension bus bars (which may feed, through transformers, the same set of 
low-tension bus bars). 

Lines in tandem —feeders from a generating station supplying two or 
more substations in series. 

Lines connected in ring, or closed feeder circuits —two or more substa¬ 
tions connected in series with the two outside substations, each connected 
by separate feeder or feeders to the generating station. 

Tie lines —connections between generating stations or between sub¬ 
stations not in the order of the ring. The latter are often called connectors, 

III. Relay Protection 

The object of relay protection is to disconnect any part or 
section of the system on which a fault occurs, but leave the rest 
of the system in operation without being further affected by the 
faulty section. 

It is to be noted that the function of the relay is not any longer 
correlated to the idea of protection of apparatus against over¬ 
loads. The relay is intended to operate only on breakdowns 
and not on overloads, though its setting is usually given in per 
cent overload of the rated capacity of the circuit. 

IV. Radial Feeders not in Parallel 

For radial feeders not operated in parallel at the substation, 
overload relays of the inverse-time-limit type have generally 
and successfully been used in this country. Fig. 1 shows a one- 
line diagram together with the relay connections and relay 
characteristics that one of the large operating companies has 
used successfully. 

In addition, for over ten years several large companies have 
operated a system of selective-ground relays to indicate a ground 
on the affected feeder. * The long reliable experience which 
this system has given seems to warrant further applications in 

♦Trans. A. I. E. E., 1903, Vol. xxi, p. 417. ~ 
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this country; extensive use has already been made abroad in the 
past five or six years, f These relays should be particularly 
valuable for high-tension service customers in conjunction with 
overload relays. 

Generally speaking, radial feeders not operated in parallel at 
the substation can be protected with overload and selective- 
ground relays and, on large systems, protective feeder reactors 
to obtain 100 per cent protection to the system. 

V. Radial Feeders in Parallel 
Radial feeders operated in parallel at the substations present 
greater difficulty for their relay protection. The best practise 
utilizes two different methods, namely: (a) the reverse-power 

GENCRATING STATION 

‘I ‘j ^ 


feeders not paralleled—one-line diagram 

relay in combination with overload relays and (b) the bal¬ 
anced or Merz-Price system. The balanced system is one 
where the current, when flowing in the same direction 
and of the same relative magnitude, in parallel conductors 
or in different portions along the length of the same con¬ 
ductor, will not produce any force on the relay even under heavy 
short-circuit conditions. The relays are only operated when the 
currents are of different relative magnitude or direction at these 
points. 

(a) Reverse-power relays have, in isolated cases, given very satisfactory 
results. The recent developments in the induction-type reverse-energy 
relays have made it possible to use this form of protection more exten- 

fThe Journal of the Institution of Electrical Engineers (London) p. 
159, Jan. 15, 1915. 
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sively as these relays are made so that they will properly select down to 
f per cent voltage. 

In cases where a number of feeders are paralleled in the substation, a 
combination of balanced and reverse-energy relay connections, as shown 
in Fig. 2 gives very satisfactory results.* 

Appendix C outlines the plans of the New York Edison Company for 
t wo of Its principal substations where this combination is used in cormec- 
tion with selective-ground relays. 

(b) The balanced system of which the split-conductor system is an il¬ 
lustration, has given such satisfactory results abroad that it has lately 
been introduced in this country by several large companies, like the 
Boston Edison Company and the Public Service Electric Company of 
New^ Jersey. ^ It is especially suitable for new installations or where 
existing duplicate overhead lines can be coordinated to give a resultant 
Split-conductor circuit, f 


GENERATING STATION 



Pig. 2 

Parallel feeders —one-line diagram 


VI. Lines in Tandem 

For single lines in tandem, extensive use has been made of 
definite and inverse-time-limit relays, with progressively longer 
time settings on relays near the generating station. 

For two or more parallel lines in tandem, the inverse-time¬ 
limit relays at the points where the power leaves the station 
or substation, and overload relays in combination with reverse- 
power relays at the point where the power enters the substation, 
have given very satisfactory results. In Fig. 3 a one-line diagram 
is shown of a system that has been in operation for some time 
with excellent results. 

*Journal of the Institution of Electrical Engineers (London) p 159 
Jan. 15, 1915, 

ITrans. a. I. E. E., 1916, Vol. XXXV., Part I, p. 724. 
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In laying out a system of parallel feeders in tandem, it has 
been found very advantageous to make a careful analysis of the 
constants of the circuits and short-circuit conditions, to set the 
relays to give the best selective action. As an example, the 
equivalent 7800-volt constants of each circuit shown in Fig. 3 are: 

GcnevcLting station to substation No. I—Reactance 1.45 olinis, resistance 
0.53 ohms per leg. 

Substation No. I to No. II—Reactance 0.33 ohms, resistance 0.31 ohms 
per leg. 

Substation No. II to No. Ill—Reactance 4.3 ohms, resistance 3.7 ohms 
per leg. 

The settings of the various relays are given in the curves of 
Fig. 3 and from the maximum short-circuit currents that can 



Fig 3 

Parallel feeders in tandem.—one-line diagram 


pass through any two relays in series, there is a selective time 
difference of half a second, even under the most severe conditions. 

The balanced system, as explained in Section 5, is also espe¬ 
cially adapted for parallel lines in tandem. 

VII. Single Line Ring Systems 
On single line ring systems, ipverse-time-limit relays com¬ 
bined with reverse-energy relays may be used with the settings 
on the inverse-time-limit element* made progressively longer 
near the generating station when feeding in the outgoing direc¬ 
tion. The balanced system might be preferable to the above 
especially in cases of new installations. 
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VIII. Parallel Line Ring System 
In a parallel line ring system, the system of relays shown 
in the one-line diagram Fig. 4 gives promise of very good results. 



Fig. 4 

Parallel feeders ring network—one-line diagra m 


In this the inverse-time-limit relays are used on the outgoing 
feeders at the generating stations and a balanced interconnected 
combination of reverse-energy and inverse-time-limit relays at 
the receiving ends of the supply feeders. 
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In the case shown, the supply is furnished to several parts of 
the system, which parts are interconnected through several sub¬ 
stations by duplicate feeders. Here the overload relays are used 
on the outgoing feeders at each of the main receiving substations 
to eliminate the possibility of a complete system shut-down due 
to the failure of any relay to function properly or in case of a 
short circuit on a bus. 


IX. Tie Lines 

With tie lines between generating stations where power can 
pass in either direction, the Merz-Price or balanced system 
of relays are probably most advantageous. The balanced ar¬ 
rangement may be on the split-conductor principle, the com¬ 
bination interconnected reverse-power and inverse-time-limit 
relay as shown in Fig. 2 or a mechanical interlock between the 
plungers of the several relays on the parallel feeders. 

X. Generator Protection 

Generators are seldom protected by relays; however, protec¬ 
tion in cases of short circuits in generator windings may be best 
obtained by means of differential relays connected to current 
transformers in the two ends of each individual winding. It is 
also possible to protect against this trouble- by means of reverse- 
power relays in connection with overload relays with their 
tripping contacts in series and set to trip out the switch at a high 
value of current, when the power is flowing in the direction of 
the generator. 

As in most cases the generator breakdowns start with a ground, 
a good protective arrangement consists in adopting the selective 
relay ground principle, as in the case of feeder protection. For 
this arrangement precaution must be taken to ground the 
system either by a ground placed outside of the generator neutral, 
or by grounding the neutral of one or more generators and passing 
these grounding leads through the transformer of the selective 
ground relay system. 

XI. Transformer Protection 

Transformer protection has been best obtained for a very long 
time by means of differential relays connected to transformers o'n 
both the high-tension and low-tension sides of the power trans¬ 
former. 
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XII. Grounding Relays 

Special grounding relays have been found very important for 
use on extra high-tension feeders. The accompanying Figs. 5 
and 6 show the method that has been used by The New York 
Edison Company where the high-voltage feeders are metallically 
isolated at both ends with transformers. 

While the experience is not conclusive, it is interesting to note 



that in the case of Fig. 5, on 15 miles (24.1 km.) of 25,000-volt 
cable, eleven cable breakdowns occurred in the first seven 
months of service without the grounding relays, whereas only 
five cable breakdowns have occurred in the past year with the 
grounding relays. Of the first eleven breakdowns, six occurred 
in service and five under test after a service breakdown. Of the 
latter five breakdowns all occurred in service and none under 
test. The theory is held that the grounding relay clears the 
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trouble before the short circuit through the impaired insulation 
has sufficient time to develop a large flow of current creating 
heavy surges and mechanical stresses which may weaken other 
points on the system. 


APPENDIX A 

The reverse-power relay cannot be considered to give any 
selective time feature as the moving torque is dependent upon 



the power factor and the voltage of short-circuit conditions. In 
order to obtain the best results, the reverse-power relay should 
be set as sensitive as possible, with an inverse-time-limit relay 
for time and current adjustments. The tripping contacts of the 
two relays should be in series so that the circuit will only trip out 
with a short-circuit current flowing in a given direction and of a 
certain magnitude. The time required to trip is then dependent 
upon the magnitude of the current alone. 
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The power factor of a short circtiit may vary from practically 
zero to unity, and in addition there is a second possible shifting 
of phase relation from Y voltage of 90 electrical degrees, due to 
voltage distortion on single-phase short circuits. This neces¬ 
sitates the reverse-power relay selecting through a range of 180 
degrees. 



ABC 


Fig. 7 —Phase Rotation ABC 

It is therefore very important that the relays have their 
potential and current coils properly connected to select under all 
of these conditions. Fig. 7 shows the method of connection that 
The New York Edison Company has employed for the last four 
years with very satisfactory results. Fig. 8 shows another 



Fig. 8—Reverse-Power Relay Connections 

method of connection that is proposed by one of the manufac¬ 
turing companies and gives promise of good results. 

In both of the above connections the current in the current 
coil leads the current in the potential coil with unity power 
factor three-phase reverse power. Hence the currents in the 
two coils are in closer phase relations with the lagging current of 
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short circuits. Also the potential elements are connected in 
delta which limits the distortion on single-phase short circuits 
to 30 electrical degrees in place of 60, as in the case of a Y con¬ 
nection. 

APPENDIX B 

Relay Testing To insure selective operation when carry¬ 
ing short-circuit currents, the relays should be tested under 
conditions approximating, as nearly as possible, short-circuit 
conditions. This involves heavy testing currents, and corres¬ 
pondingly short timing intervals, both of which present certain 
difficulties. 

In keeping with the foregoing considerations, marked changes 



have taken place in the testing of series inverse-time-limit relays 
in the generating stations of The New York Edison Company. 
A brief outline of the present method employed is given, together 
with sketches of the testing circuits, etc. 

Although the general scheme remains the same as heretofore, 
the testing is now done at considerably higher currents and 
an accurate automatic timer has replaced the stop watch and 
signal lamp. Furthermore additional testing circuits have been 
provided, and the test connections are made to give a more com¬ 
plete check on the condition of the relay circuits. 

The extent to which the testing currents could be increased 
was necessarily limited by the size of wire on the relay circuits. 
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These circuits are all of No. 10 A. W. G. copper wire and a testing 
current approximating 50 amperes was considered to be a safe 
maximum. A circuit breaker which is automatically opened 
when the relay closes is used in the testing circuit to prevent 
injury to the wiring by leaving the test current on for too long 
a period. 

A secondary test current of 50 amperes corresponds to about 
10 times the normal capacity of the circuits and is well down 
near the flat part of the inverse-time-limit relay curves (see Fig. 



9.). It will be noted that at this part of the curve an error in 
current measurement will have a considerably smaller effect on 
the timing than at a point of the curve corresponding to two or 
three times the normal circuit capacity. 

The curve, Fig. 9, also shows that the time at 50 amperes 
secondary is about 0.5 second. It is, of course, impossible to 
measure this interval with sufficient accuracy by use of a stop 
watch, and a small synchronous timer is used. This instrument 
is accurate to 3 or 4 per cent at 0.5 second and good results have 
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been obtained with it. The operation is entirely automatic, 
eliminating all personal errors as shown in the method of connec¬ 
tions in Pig. 10. 

The connectors on the current-transformer test blocks are 
not removed under tests, which leaves the secondary of the 
current transformer in shunt with the relay circuit while testing. 
Under these conditions and with test currents not exceeding 
50 amperes, only a very negligible current is shunted out by the 
transformer secondary. If, however, a high resistance is present 
in the relay circuit or if the impedance of the transformer is low 
on account of short-circuited turns, the balance of current 
between the relay and transformer will be disturbed and the 
defective circuit will be found on periodic retest of the relay. 
This method has already proven very successful in locating defec¬ 
tive current transformers. 

If it were possible to test with still higher currents, then, with 
the transformer shunting the relay circuit, an appreciable part 
of the test current will pass through the transformer secondary. 
This would be a big advantage as it would account for the high 
magnetizing current which changes the ratio of the transformer 
when working under short-circuit conditions. 

APPENDIX C 

The New York Edison is installing the protective relay sys¬ 
tem for the generating station and some of its substations where 
all the radial feeders are operated in parallel, as shown in 
Fig. 11. 

This company has used the system of selective-ground re¬ 
lays for nine years with excellent results. This system was 
arranged to ring a bell and locate a defective grounded feeder 
by means of a relay drop which was in turn connected to a cur¬ 
rent transformer that enveloped the three conductors. 

By this indication the operator was in former years able to 
disconnect the defective cable before it developed into a short 
circuit in about 80 per cent of the cases. 

With the increase in size of the underground system the 
grounding current capacity has increased so much that it gives 
the operator very little time to disconnect a grounded feeder 
before it develops into a short circuit. It was, therefore, decided 
to make this operation automatic and a zigzag three-phase 
grounding transformer is being connected to the generating 
station bus for establishing a more positive ground current. 



374 TORCHIO: RELAYS FOR HIGH-TENSION LINES [March 9 


The resistance is connected in series with these transformers 
to limit the current to 200 amperes. 

A plunger-type bellows relay is being connected to the ground- 
sheath current transformer and this relay is being connected to 



automatically trip out the oil switch at the station when a 
ground occurs on the feeder. 

In cases where the feeders are paralleled in the substation a 
grounding relay is used in conjunction with the balanced inter¬ 
connected reverse-energy relay arrangement of Fig. 2 on the 
sub-station ends of the feeders. On these feeders the bellows 
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grounding relays in the generating station are given a short time 
setting to permit the substation switches to operate first. 

All feeders outgoing from the substation bus are also equipped 
with grounding relays. 
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THE PROTECTIVE EQUIPMENT ON THE SYSTEM 
OF THE COMMONWEALTH EDISON COMPANY 


BY R. F. SCHUCHARDT 


Abstract of Paper 

The use of protective devices is based primarily on the 
desire to maintain a high continuity of service rather than to 
protect apparatus. The tendency in the development ot large 
systems is toward interconnection, and to make this practicaoie, 
satisfactory relays are necessary. . i+t. 

Thepaper describes briefly the system of the Commonwealth 
Edison Company of Chicago with special reference to the pro¬ 
tective devices installed thereon. 1 *r, 

Generators are equipped with balanced relays, lines with in¬ 
duction-type inverse-time-element relays, some of thern or the 
uni-directional type, and balanced relays, while substation ap¬ 
paratus has the usual equipment of overload relays, speed-limit 
devices, etc., and outgoing feeders the instantaneous type ot 
relays. The arrangement of these relays is shown and some ot 
the settings described. 


Introductory 

P ROTECTIVE relays on a central station system may be 
defined as devices or apparatus .used primarily to maintain 
continuity in the supply. The protection is with reference to 
the service rather than to the generator, line, or transformer, 
etc., to which the relay is connected. The ideal protective relay 
is one that immediately disconnects a faulty member of the 
system before the disturbance caused by the fault has spread 
beyond that member. Unfortunately, development to date has 
not yet evolved such an ideal device. Synchronous apparatus has 
a tendency to drop out of step promptly whenever an. un¬ 
usually heavy shock occurs on the system, thus at times causing 
disturbance in other than the faulty member. However, the 
relays now available will serve properly in the great majority 
of cases and we may hope ultimately to have synchronous ap¬ 
paratus designed with a higher degree of stability. 

At the present time the conditions met with in different sys¬ 
tems vary considerably, and no one scheme of protection will 
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fit them all. Each system must be studied and the individual 
solution applied. There are, however, many points of similar¬ 
ity and the solution in one case will serve as a partial guide, at 
least, in others. 

The tendency in the development of large systems is toward 
the simplicity of the low-tension Edison network, which is 
giving such excellent results. Unfortunately, the protective 
problem on these large high-tension systems has not the sim¬ 
plicity of the Edison network. We seem, however, to be in a 
fair way of making satisfactory progress toward this goal. The 
devices now obtainable and commercially within reach make it 
practicable to interconnect quite freely and thereby to gain con¬ 
siderably in the use of the copper invested in lines and, in general, 
to localize faults. 


It IS only fair to the manufacturer to state that his problem 
has not been an easy one, since the ideal action of protective 
relays would require them to have almost human intelligence. 
They must invariably discriminate between conditions under 
which they ought to operate and those under which they must 
remain inoperative, and this discrimination must be made in¬ 
stantaneously. The present apparatus made by the manufac- 
urers reflects credit on their engineers and gives promise of 
continued progress along the desired lines. 

In the following paper will be found a description of the pro¬ 
tective schemes recently adopted by the Commonwealth Edison 
Company of Chicago as a result of considerable experimentation 
with the newer relays. With the continued growth of the sys¬ 
tem the earlier relays were frequently found inadequate and it 
was necessary to seek relief in a better development in order to 
continue the maintenance of a satisfactory service. 


Brief Description op the Plant 
The plant of the Commonwealth Edison Company contains 
at present three mam Hgh-tension generating stations with a 
number of auxiliary peak stations, having a total generating 
capacity at this time (March 1917) of approximated 400 000 
with 800 ries (1287.4 ta.) of Z'l 

hnes feeding sixty-six distribution substations and about forty 
industrial customers’ substations. The energy is generated at 

of the units and the direct ties between stations are shown in 
Fig. 1. Summarized substation data are shown in Table I 




Fig. 1 —Diagrammatic Sketch of Units and the Bus Connections—March, 1917 
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The size of the system and its growth are indicated in 
the curves in Fig. 2, which show the annual maximum loads 
since 1900. The total coincident maximum during the past 
winter was 370,000 kw. 


TABLE I—SUMMARY OF SUBSTATION CAPACITY DATA 


on Edison system. 


12,000-volt to 4,000-volt tranS' 
formers. 

Frequency changers. 


25 Cycle | 

Total kw. 
capacity 

Range of 
sizes 

101,300 

100-4200 

*226,000 

1000-4000 

21,500 

500-2000 


60 Cycle 


capacity 


Range of 
sizes 


100-3000 


140,000 kw. of this is in substations of the traction companies. .. ~ 

Fig 3 is a diagram, of the transmission lines. The length of 
these lines at the various voltages is as follows; 

(774 km.) of 9000-volt, 25 cycles; cable size 4/0. 
-<^50,000 cir. mils and 300,000 cir. mils. 

215 miles (345.9 km.) of 12,000-volt, 60 cycles; same cable 
as for 9000 volts. 

92 miles (148 km.) of 19,000-volt. 25 cycles; cable size 2/0 
and 250,000 cir. mils. 

22,000-volt, 60 cycles; cable .size 

^50,000 cir. mils. 

Elements of the System and their Protection 
All of the 25-cycle generators in these three stations arc pro¬ 
vided with external reactors except in the case of two of the 
uni s w ich generate at half pressure and step up to 9000 volts 
through auto-transformers. The total reactance of generators 
and external coils (or auto-transformers) is as follows: 

IJOOO-kw. capacity generators. 8 

20,000 “ “ « . ^ 

25,000 “ “ .< . ^9 

11 “ “ 

12 

12.5 " “ 


30,000 “ 
35,000 “ 
















kilowatts 
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The 60-cycle generators have sufficient inherent reactance, so 
no external reactors are required, this reactance being, 

14,000-kw. (18,670-kv-a.) capacity generators... 7 percent 

20,000 “ (25,000 “ ) “ “ . . 12 ' ' ‘‘ 

30,000 “ (35,300 “ ) “ “ .. 12.5 “ 



With one exception the vertical generators, which include all 
those under 20,000-kw. capacity and two of this capacity, have 
no automatic relays at present. All of the newer units 
and one of the 20,000-kw. vertical units are equipped with 
balanced relays of the Merz-Price type. These are connected 
so that in the event of a fault in the generator or in its leads, 
they will promptly open the main oil switch, the neutral switch 





Pig. 3 —Diagram of Transmission Lines 
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(if closed), and the field switch of the faulty unit and also discon¬ 
nect the blower motor where there is one. A diagram of this 
relay connection is shown in Fig. 4. 

Fisk Street station is normally operated in two sections which 

sectionalizing reactors being placed in each tie line. (See Fiu 
vressurt^!%TfTi to absorb 20 per cent of the 

three So 000"c? 1 "I?"" • of 

shownin . the connections of which are 

ttrSil rHav, -u " connections are such 

that the relays will operate only in the event of ground current 
but expenence has indicatpd thof+i,^ .>. cuirenr, 

o 4 . , Qicatea that the vast majority of cable 



used.°“fe hS b^te^^k 

which are • about eight miles fl 2 s i! ? f ^ Northwest station 
ordinal lines a. JS” 7e 

the 25-cycle and the 60-cycIe units the no ^ '"or 

the running units is closed to the 

Its own neutral bus and this is on 4 . ^ section has 

21 -ota noa-ind„ct“e“ 

changer se^ngL^ae'betweerth''5i'* frequency 

and the 60-cycle, 12,000-volt busses Thl*^ ^ 9000-volt busses 
lays now on the units are to Kp 'i ^ i bellows overload re¬ 
lays at either end, and in addSon ""f re- 

minimum, inverse-time-element rela ’ -u ^‘^l^®*^ble definite- 
the 60-cycle switch in the event of ^ installed to trip 

load such as would result when eV^ excessive over¬ 
shock and_excessive syneWzi receives a 

y romzing energy passes between them 
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through this frequency changer. The uni-directional relays will 
be set to operate instantaneously on energy feeding inward and 
equal to about 15,000 kv-a., while the inverse-time relay will 
be set for approximately 10,000 kw., three seconds. 

On the transmission lines in the generating stations the bel- 



lows-type relays are being rapidly replaced by an induction-type, 
adjustable definite-minimum, inverse-time-element relay. Where 
the line is part of a ring and the time setting of the relay at the 
station end is more than one and one-half seconds, an additional re¬ 
lay of the solenoid type is used but set to operate instantaneously. 
Its current setting, however, is slightly higher than that current 
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which_ could flow over the resistance of this line and into the 
next link of the ring. It is planned ultimately to operate lines 
in parallel, wherever practicable and consistent with the sec- 
tionalizing at the generating stations. 

At the substation end of these lines as well as on tie lines 
between substations there are connected uni-directional inverse- 
time-element relays of the induction type, or in some instances 
on rings,'balanced relays, depending on the relation of the par¬ 
ticular line to the other elements of the ring of which it is a part 



Pig. 6 a—Typical Protective scheme—Transmission Lines 

Protective apparatus in use on substation units is as follows: 

On 2m-VoU Synchronous Converters of the Edison System. Inverse- 
time-element ovetload relays of the bellows type on the high-tension sup¬ 
ply to the transformers and operative on the oil switches; speed-limit 
devices operating on the d-c. circuit breakers; and on all down-town sub- 
Station units in addition reverse-current relays operating on the d-c 
circuit breakers. 

On m-Volt Converter Units for Railway Service. Inverse-time-element 
overload relays operating on the oil switch; overload attachment on the 
positive circuit breaker; speed-limit relays operating on the positive cir- 
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cuit breaker; and in addition a special leakage-current relay connected 
between the frame of the machine and earth and set to operate both the 
oil switch and the d-c. breaker in the event of potential in excess of 100 
volts existing on the frame, such as might result from a flash-over. 

On ^0-Cycle, 12,000-VoU to 4000-Fc?// Transformers. Bellows over¬ 
load relays operating on the 12,000-volt switch are being replaced by dif¬ 
ferential relays operating on both the 12,000-volt and the 4000-volt oil 
switches. The 4000-volt outgoing-feeder circuits are provided with 
straight overload relays. 

On 9000-Fo/^, Cycle, to 4000-FoZ^, QO-Cycle Frequency Changers, 
Bellows overload relays on both the motor and the generator, each opera¬ 
ting its own oil switch. 



Fig. 6 b—Typical Protective scheme—Transmission Lines 


Setting of Relays and Experience 
Generators. The balanced relays on generators are, like all 
the other balanced relays on the system, set for instantaneous 
operation. Since they have been installed, the relays on one 
of the units have been called upon to operate twice, in each 
case promptly disconnecting the unit. The benefit of generator 
reactors and bus-sectionalizing reactors has been apparent a 
number of times in limiting the extent of the disturbance re¬ 
sulting from a line break-down close to the station. Previous 
to the installation of such reactors, cable breakdowns occurring 
within half a mile (0,8 km.) of the station usually caused fairly 
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widespread disturbance and often considerable damage to 
generators. 

Lines. The adoption of the line protective devices described 
resulted from a desire to make the large line investment more 
productive by operating in parallel as far as practicable, as well 
as to localize more fully the disturbance resulting from a cable 
failure. In the case of the station tie lines, the straight inverse- 
time-element relays frequently opened when either station got 
a shock due to a line failure. The installation of balanced re¬ 
lays on these two lines has entirely removed this trouble. 



On the transmission lines, the aim is to use the induction type 
of relays in all cases where their satisfactory use does not re¬ 
quire the time setting at the station to be too high,^ and it was 
generally considered that this maximum setting should not 
materially exceed two seconds. In the case of ring-connected 
lines, where the succeeding relays in each link, counting toward 
the station, must have an increasing time element, the use of 
these relays only, would in many cases, require a setting in 
excess of the two-second limit. It is obvious that the difference 
in time setting between any two successive relays in the series 
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must be equal to the time required for the oil switch to fully 
break the circuit after the relay contact has closed, plus a safe 
margin, and this, with the speediest apparatus, is approximately 



Fig. 7 a—Current-Time Curves of Relays 


three-tenths of a second. In order, then, to keep down the 
total number of such relays in series in a ring of many links and 
thus to prevent the above time limit from being exceeded, the 



Fig. 7 b—Current-Time Curves of Relays 


shortest lengths in the ring are provided with balanced relays 
and pilot wires. The illustrations in Figs. 6a,^ 6b and 6c show 
typical installations of relays on a few sections of the system. 
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The data of the settings are also given. The current-time 
curves of sets of uni-directional relays in a ring are given in 
Figs. 7a, 7b, 7c and 7d and show clearly how the selectiveness 
of operation is obtained at all current values. It will be noted 
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Fig. 7 c—C urrent-Time Curves of Relays 


in Fig. 6a that in the case of the line to Lake View substation 
which loops through an industrial installation, the rule of apply¬ 
ing the balanced relays to the short length has not been followed. 
In cases like these the preference for the balanced relay is given 
to the section nearest the generating station, even though this 


a ii 

0 



amperes in line 


Fig. 7 d—Current-Time Curves of Relays 


section may not be the shortest, the reason being that the 

a Say tu ff* y a” 

relay with a definite-minimum time setting 
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Substations. The bellows overload relays on the high-tension 
side of substation units are set to operate at a minimum flow of 
approximately two and a half times rated current, to operate 
in two seconds on three and a half times, and instantaneously 
on five times rated current. On synchronous converters the 
speed limit is set at 15 per cent over speed. Differential relays 
on substation transformers are arranged for instantaneous opera¬ 
tion and are shown diagrammatically in Fig. 8. The 12,000- 



Fig. 8—Differential Relay on substation Transformer 


volt primary coils of these transformers are delta connected 
while the secondary 2300-volt coils are star connected giving a 
4000-volt delta pressure. The relays on the 4000-volt feeders 
are of the instantaneous type and set to trip at three times 
normal load. 

There is a considerable number of minor installations of pro¬ 
tective relays on the system not covered in the above, but for 
sake of brevity and because they have no features of special 
interest they have here been omitted. 
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Discussion on “Relays for High-Tension Lines” (Tor 
AND “The Protective Relay Equipment of the Sy 
OF THE Commonwealth-Edison Company” (Schucha 
Chicago, III., March 9, 1917. 

Summerhayes: We may be sure that any relay sc 
which IS widely adopted on the two systems with whicb 
authors are connected has not only been scientifically ana' 
but has withstood the acid test of experience. 

A scheme which works beautifully on a smaller system c 
tails when subjected to the enormous rushes of current due 
short circuit on one of these great systems. 

These papers show that modem relay practise is aporoac 
standardization. 


iBoth engineers use on the generating-station end of i 
transmission lines some form of inverse-time-limit overload r< 
protected from excessive currents in the relay by some fori 
saturating reactance or magnetic shunt. At the substation 
01 parallel feeders both use a unidirectional or reverse-cur 
relay with inverse-time overload element in series, which t: 
care of most of the trouble. Both admit that this systei 
not perfect by using on their shorter and more important 
lines the balanced or pilot-wire protection where the extra inv 
ment is justified. 

Neither shows a leaning toward the twin-conductor c; 
system. It would be interesting to learn why this much heral 
foreign scheme has not been used either by Chicago or New Y. 

Both started with, and have for years maintained, a strii 
radial system preferring continuity of service to reduced 
vestment; and both are taking advantage of the modern re 
developments to work towards an inter-connected net w 
with its great saving of copper. 

The remote contingency of a short circuit on the general 

pxcent to the operators to take care 

except for tie-line relays between generator-bus sections, £ 

whIT mentioned by Mr. Torchio in Section 

which prevent a substation-bus short circuit from affecting 
whole inter-connected system ^ 

Commenting on Mr. Torchio’s paper, from the relay cur 
Mg. _4, It would appear possible for the overload relays B 
tap m case of a short circuit between them and the generati 
exceeds 6000 amperes through these lines. T 
ntroduction of these overload relays would appear to make 1 
system less selective for cable shorts than the system. Fig 

generator protection the balanc 
or differential-relay protection mentioned by Mr. Torchio a 

? ifSchuchardt. I do not see why the latl 

^ *^®.J^®^2-Price scheme, since it is only the ancient a- 

fomJproSS 
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There is a certain tradition that says that no automatic 
generator protection shall be used. I think this is really more 
of a tradition from the old days when the relays were very 
unreliable and they did not want to shut down the generator 
because the relay operated. The generators of that time 
were open machines, and if anything happened to them 
the operator could see it and cut it off and put out the 
fire. The new machines are enclosed; the operator cannot see 
the trouble until too late. If the field is opened the generator 
may run for a long time, the draft of air keeps on and trouble in 
one coil may cause the destruction of all the coils. It therefore 
appears that differential relay protection should be installed to 
cut off the machine instantly on the appearance of internal 
trouble. It also appears that steam pipes should be installed, 
steam openings by which the operator can put steam into the 
machine to put out the fire, and arrangements for shutting off 
the draft. 

Ground protection relays are mentioned by Mr. Torchio in 
Appendix C. This development will be watched with great 
interest, as it is very important, either on grounded or un¬ 
grounded systems, to disconnect a grounded cable immediately, 
to avoid a short circuit destructive to the cable and its neighbors, 
and damaging to the system. 

I am very much interested in Mr. Schuchardt’s plan for 
protecting frequency changers tied in between two large systems. 

Since the old overload relays protect the machine itself, it 
must be that the proposed changes were found necessary because 
the switches opened too often, due to violent fluctuations of load. 

As these systems increase in size there are certain dangers of 
tying in multiple on substation bus bars a number of heavy 
high-tension cables from one or more large generating stations. 
T& duty of the substation switches may be thus made heavier 
than those at the generating stations. 

Substation bus bars in such cases should be sectionalized by 
reactors. 

Referring to the maximum time limits of one and one-half or 
two seconds, mentioned in both papers, I understand this de¬ 
pends on the thermal effect of the current on the cable conduc¬ 
tors. This is a very important factor in large stations. 

I have recently made some calculations which show that for 
fifty times full-load current, the temperature rise is at the rate of 
55 deg. cent, per second, and for one hundred times current, 
220 deg. cent, per second. 

Since it takes a conductor several minutes to cool from a 
temperature of 220 deg. to 100 deg. cent., the effect is not 
merely momentary, and the cable insulation may be permanently 
injured if the conductor rises to over 200 deg. cent. A short 
circuit starting at one hundred times full load and sustained at 
forty times would produce a temperature rise of from 180 to 
200 deg, cent, at the end of two seconds. 
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Such high values are possible in these large plants when 
feeder reactances are not used, and the injury resulting to the 
insulation may account for subsequent break-downs. 

William H. Cole: Mr. Torchio made brief reference in his 
paper to the Boston Edison Company as being a user of S]j)lit- 
conductor cables. While I cannot tell very much about it in 
five minutes, I rnay say we expect this summer to have in scrv'ice 
at least sixty miles of such cable protected by balanced relai'S. 
Some of it is used with the English type of switch gear; the 
duIk of it, however, is used with gear we have developed on our 
own systein. We have also applied the balanced-current princi¬ 
ple to two installations of parallel feeders; overhead lines in one 
case and in the other case ordinary three-conductor cables. 'The 
operating experiences we have had in the last three or four years 
lead us to believe that it is an admirable system of protection for 
fw j feeder or mter-connector. We believe, furthermore, 
that it lends itself to the growth of our system, that is to sav, 
n® ^re-amange such protective arrangements from 

+w I f necessary with some of the other types 

tnat nave been described here tonight. ^ 

anybody who may be particularly in- 
SoS “"^st consider the 

tection a scheme of pro¬ 
be ^® gear, because both must 

be considered jointly. Some mistakes have been made in the 

SSuTe split-conductor cables, 

because the two elements were not considered jointlv Thi4 

described, particularly in new installations. In a large system 
having a great many cables, or a great many lines it is not at all 

SSSfh'ir cables in Lder to sooSc the 

bmeiits of balanced protection. In fact, in many ways it is 
preferable not to invest in split-conductor cables, for if existing 
cables of the ordinary type can be combined ;iith balalmiSS 
^ear, then if a fault occurs in one, the other one is availahk' fnr 
use. H you lose a split-conductor cable yoi isrSe ontir,' 
capaaty between the two points as represented by that line 
I want to call attention to a type of relav i-h-.i 

attention, a relay called by various'names 
P®^?®iitage-differential relay, or ratio-b?l mco 
relay-which is designed to be used in connection wh h i 
which are operated in parallel at both ends burwhTct iff 
m their constants. Such lines mav differ 

cross-section, reactance or otherwise ^ I^i such casil n 
themselves set up relatively larcr^ 'rUffr these lines 

no^al conditiors" “Xhi "f""’' 

a« so operated, that the relay systel be noitoperativfu^^^^^^ 
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the maximtim normal differential current that can be set up 
on the occurrence of the most severe through short circuit, but 
without change of adjustment be operative on a fault current, 
even though the fault differential current is less than the normal 
differential current. It may look as though it might be an 
impossible thing to do; however, we have one installation in 
our system protected with this type of relay which operates 
with entire satisfaction. 

Edward B. Meyer: I think it would be well to say just a few 
words in connection with the split-conductor cable as applied to 
the balanced system of protection. 

During the past year, the Public Service Electric Company, of 
New Jersey, has installed approximately seven miles of 350,000 
cir. mil. sector-type split-conductor cable, for operation at 13,200 
volts; this will be increased to ten miles during 1917. The cable 
is manufactured under a specification which provides for 6/32 
of an inch of paper insulation over each conductor and 6/32 of. 
an inch paper-belt insulation. The insulation between the 
inner and outer split of each conductor is 5/64 of an inch, which 
thickness was determined more or less arbitrarily on account 
of the fact that it is still an open question as to the maximum 
potential that may exist between the inner and outer conductor 
under short-circuit conditions, and as to what is best practise 
both for voltage and mechanical considerations. 

In the Public Service system, reactances are placed one in 
each split, at opposite ends. These reactances are designed to 
give a reactance drop of about twelve per cent of the resistance 
drop at rated current. With this arrangement, the maximum 
voltage difference between splits during an end fault, it is 
believed, shoitld not exceed 1000 volts, which difference is 
constant over the entire length of the cable. 

It is possible with other schemes to have higher voltages than 
that just stated. 

The cost of the cable is from ten to fifteen per cent higher and 
the cost of the jointing twenty-five per cent higher, than for the 
ordinary type of cable, in which the individual conductors are 
not split, but this additional expense appears warranted, par¬ 
ticularly on important tie feeders. 

It is usual in installing split-conductor cables to transpOvSe the 
inner and outer splits of each conductor at intervals throughout 
the length of the line, making the resistance and reactance of 
the two splits substantially equal. 

It ap];ears that information is still lacking as to the carrying 
capacity of split-conductor cable as compared with the usual 
type of cable; from one point of view the carrying capacity 
sliould be greater on account of the larger over-all diameter, and 
the larger conductor radiating surface; but on the other .hand, 
due to the fact that the heat generated in the inner split must 
pass through the insulation between splits, as well as the over-all 
insulation, the carrying capacity of the cable may be reduced. 
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Since the current carrying capacity of any cable depends entire! 
on the conditions under which it operates, the Public vServicc 
Electric Company, in order to be conservative, has given S])Iit- 
conductor cables the same rating as solid-conductor cables. 

L. N. Crichton: In discussing protective relays, it would ])e 
interesting to hear from the operating engineers present, as to 
what they consider an interruption, that is, how long they feel 
that the power can be off a piece of apparatus or off the system, 
or, in other words, how long a short circuit can be held on with¬ 
out causing an unreasonable amount of load to be lost. It seems 
to be the prevailing opinion that two or three seconds is the 
maximum time which can safely elapse before a short circuit is 
cleared. Several years ago, a number of tests were made to see 
how long the power could be cut off induction motors without 


GENERATING STATION 



SUB STATION 


Fig. 1 


causing them to slow down to such a point that they would not 
readily come back to full speed when the power was restored. 
The motors were rated at about 200 h.p., and were driving a 
mixed load consisting principally of rock crushers. It was found 
that the power could not safely be removed for more than thn‘(‘ 
seconds the danger being not that the motors would stall, but 
rather that the belts and clutches between the motor ami the 
load would not stand the sudden increase in speed, which re¬ 
sulted when the power was restored at full voltage. 

The necessity for clearing trouble within a short time has 
been given as an objection to the use of time-limit relays, and 
partly because of this objection, two balanced schemes have been 
introduced quite extensively in England, and one or two raodi- 
hcations of these schemes are in use in this country. I refer to 
the pilot-wire system and the split-conductor system. Both of 
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these schemes appear to be giving good service, the one objection 
to them being that they will not operate in case of trouble on 
the bus bars at the switching stations. There has recently been 
introduced in this country a balanced scheme which does not 
require the use of special cables or pilot wires, and which in its 
results is essentially the same as either of these two schemes, 
when it can be applied to a system having a number of duplicate 
feeders between each switching station. It consists in the use 
of reverse-power relays which are connected as shown in Fig. 1. 

It will be observed that when the current is balanced in all 
the parallel feeders, there will be no flow of current through any 
of the relays. Whenever a short circuit occurs on any of the 
cables, the relays at both ends of the defective cable operate to 
clear the cable, by reason of the fact that they are carrying an 
excessive current, and also because the flow of power is away from 
the bus bars. A similar scheme might be applied to two parallel 



Fig. 2—Double Contact C R Relay Applied to Duplicate Feeders 
—Current Transformer Shown in Only One Phase—Potential 
Circuit Omitted 


cables, but it is more convenient to use a reverse-power relay 
having double contacts, and arranged as shown in Fig. 2. Either 
of these schemes can be applied to parallel feeders which form 
a part of a comx^licated net work, and experience for the past 
two years has shown that they will give excellent-service under 
practical operating conditions. It is theoretically possible to 
set the relays so lightly that they will operate on very small 
unbalanced currents, but operating difficulties are liable to be 
encountered if such a setting is made, and there is in general no 
object in adjusting relays to operate on currents which are 
smaller than those normally obtained during times of short 
circuit. 

The description of this method of balancing relays immediately 
brings up for discussion the general question of the construction 
and application of reverse-power relays. Until comparatively 
recently, there was no satisfactory reverse-power relay on the 
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market, and furthermore, the conditions necessary for the cor¬ 
rect application of such relays were not fully understood. The 
practise which has been recently established in relay construction 
is to use a sensitive device of the nature of a contact making 
wattmeter which will indicate the direction in which the power is 
flowing towards a short circuit, and to connect an excess current 
relay in series with this device so that the circuit breaker can not 
be tripped except during times of trouble. It is customary to 
apply time limit to the excess-current device so that the relays, 
therefore, have three separate and independent adjustments; 
namely, direction, magnitude of current, and time. The prob¬ 
lems connected with the excess-current element are compara¬ 
tively simple, but the watt element is still the subject of con¬ 
siderable discussion, and, therefore, an explanation of some of 



Fig. 3—Reverse-Power Relays—Methods of Applying 


the phenomena connected with the application of reverse-power 
relays seems to be in order. The conventional diagram which 
is used to illustrate'the application of reverse-power relays is 
shown in Fig. 3. It is usually stated that when a short circuit 
occurs at the point marked X, the power will flow away from the 
substation bus bars into the bad line. As an actual fact, how¬ 
ever, the total polyphase power flow will frequently not bo 
reversed when an unbalanced short circuit occurs. In other 
words, power may be reversed ^only in the affected phases. 
Assume that the relays on the lines at the substation end are 
capable of accurately measuring the magnitude of the power 
flowing, ^..e. that they are true polyphase wattmeters. If two of 
the conductors are short-circuited, the relay will be influenced 
by that power which is flowing in the reverse direction equal in 
amount to the loss in the conductors between the relay and the 
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trouble. On the other hand, the load at the substation is still 
drawing power over the bad line as well as the good one, and 
the relay will, of course, be also acted upon by this power. The 
result of this condition is that, although the short-circuit current 
may be very heavy, the actual power loss occurring in the con¬ 
ductors may be small whereas the load on the substation may be 
large. Any polyphase relay which is acted upon by the total 
power in the circuit cannot, therefore, be expected to give satis¬ 
factory service. 

Several suggested methods of connecting reverse-power relays 
are shown in Fig. 3, and tests have been made which show 
their relative merits. , A polyphase relay having three elements is 
shown at a and can not operate satisfactorily for the reasons 
just mentioned. A polyphase relay, consisting of two elements, 
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Fig. 4—Two-Flement Polyphase Reverse-Power Relay—Un- 
GROUNDED NeUTRAL SYSTEM-TwO WiRFS ShORT-CiRCUITED 


arranged and connected according to the practise ordinarily 
followed in connecting up polyphase meters cannot, strictly 
speaking, be said to measure the total power flowing in a line 
when there is an unbalanced short circuit, because the sum of the 
currents in three wires does not necessarily equal zero. The 
action of a relay of this type, when only two wires are short- 
circuited, depends upon which pair of wires is involved. _ihe 
curves in Fig. 4 show the action of the relay under various kinds 
of loads, and with the short circuits placed at varying distances 
from the substation bus bars. The tests were made on an arti¬ 
ficial system which represented a pair of lines each consisting oi 
a 4/0 cable six miles long. These tests were made by placing 
the short circuit on the line at the point shown in Fig. 3, and 
theri varying the load until the polyphase wattmeter read zero. 
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The short circuit was then removed and the load current mea¬ 
sured. The vertical ordinates on the curve indicate the number 
of times the short-circuit current exceeded the load current to 
make the wattmeter read zero. If the short-circuit current is 
less than this value, the wattmeter will not reverse; therefore 
the relay system .will not clear the trouble. It will be observed 
that when the trouble occurs close to the substation, the short- 
circuit current must reach an excessive value before the relay 
can be certain to operate. With the test arrangement available, 
it was impossible to determine the values of some of the curves 
with trouble placed nearer than one-half mile to the substation, 
but it appears that on most actual installations of relays, it would 
be impossible to expect such an arrangement to operate, if 
trouble is nearer to the substation than one-quarter mile. It 
will be observed that the conditions are'sometimes more favorable 
towards relay operation when the load consists of induction 
motors. This is because the motors attempt to balance up the 



Fig. 5—Two-Element Polyphase Reverse-Power Relay Star- 
Connected Potential Coils—Grounded Neutral System 

voltage on the various phases, and as a result, actually furnish 
power to the short circuit. On the other hand, the motors, in 
their attempt to balance up the voltages, draw an excessive 
amount of power from the good phases which has a tendency 
to prevent the relays from operating. The unequal effect of 
these two circumstances is the probable cause of the crossing of 
the two sets of curves. It is obvious that if the short circuit has 
a high resistance such as might be caused by an arc, the relays 
would be better able to operate. Two curves are shown 
where the short circuit consisted of an arc between carbon elec¬ 
trodes. 

Fig. 5 shows a similar set of curves made with a wattmeter 
having two elements, but with the current coils split as shown at 

in Fig. 3. This is the type of wattmeter which is frequently 
used in measuring power on a four-wire circuit. It will be seen 
from the curves that a relay constructed on this principle will 
give better service, but will nevertheless fail under many prac¬ 
tical conditions. 
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In the past, it has been customary to employ single-phase 
relays with the potential coils connected in star, as shown in 
d on Fig. 3. - The objection to this scheme is that when two of 
the wires are short-circuited, one of the relays is liable to operate 
backwards. This may result in tripping out the good line as 
well as the bad line at the substation end. The reason for the 
reversal of one of the relays is shown by the vector diagrams at 
/ and g in Fig. 3. This diagram represents the conditions in 
the good line and it will be observed that the distortion of the 
voltage triangle has caused the current in the C phase to lag 
more than 90 degrees behind the voltage, with the result that the 
wattmeter or relay which utilized this current and voltage will 
operate in the wrong direction. It, therefore, appears that a 
polyphase reverse-power relay is liable to fail by not opening 
either of the lines and that single-phase relays connected in 
star are liable to fail by opening both of them. This is the 
result which has been experienced in_ practise. Both these 
troubles can be overcome by using single-phase relays and 
connecting them with their potential coils in delta. The po¬ 
tential vector is chosen, which at unity power factor lags thirty 
degrees behind the current, and therefore, any lag m the current 
which is sure to occur during short circuit will be in the proper 
direction to give maximum torque on the relay. 

Reverse-power relays are now manufactured which will operate 
positively on one or two per cent of normal voltage and recent 
experience, as well as numerous tests, has shown that this de¬ 
gree of sensibility is sufficient to insure the correct operation of 
the relays under practically all operating conditions. Whenever 
a short circuit occurs between only two wires, or between one 
wire and ground, low voltage cannot exist on aU the relays, and 
when all three wires are short-circuited, there is invariably suf¬ 
ficient voltage across the arc so that the relays can discriminate 
even if the trouble is right at the bus bars. The only possible 
case of failure is, therefore, a three-phase metallic short circuit 
at the bus bars, which condition cannot be obtained on any 
except small systems having insufficient capacity to burn on 

the short circuit and start an arc. 4 . 

In conclusion, I would like to point out the fact that the 
phrase “normal direction of power” and the term reyerse- 
Uwer relay” have proved stumbling blocks to many engineers 
who were contemplating a complete system of automatic sec- 
tionalizing. In treating such problems it should be borne in 
mind that the direction in which power normally 
the circuit has very little to do with the selection and adjustment 
of relays. The question which must be deteraiined is in what 
direction does the power flow when a short circuit occurs. I 
the source of power is fixed, the system can ordinarily be 
tionalized by means of reverse-power and definite-tiine-toit 
relays. On the other hand, if the source of power is not fixed, 
that is, if there are a number of generating stations on the sys- 
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tern which may be cut into or out of service, it may be necessary 
to resort to a balanced scheme. 

J. R. Craighead: In Mr. Torchio’s paper he made reference 
to the performance of current transformers used with selective 
relay’s when subjected to high overloads. This has in some 
cases an important influence on selectivity. 

The ratio curve of a good current transformer under normal 
conditions is ordinarity of the general shape shown in Fig. 6. 
The reason for its comparative flatness is that for ordinary meter- 



SECONDARY AMPERES 


Fig. 6—Ratio of Current Transformer Under Normal Conditions 

ing and instrument purposes we do not use the full range of which 
the transformer is capable, on account of accuracy requirements. 

When we push the current on the transformer to higher 
points, this curve turns upward after the density in the core 
passes the point of maximum permeability, and when it does 
turn upward it goes at a rather rapid rate, eventually reaching 
a point of complete saturation, at which the secondary current 
hardly increases at all for further increase of primary current, 
but at which the phase position of the secondary current recedes 



Pig. 7—Ratio of Current Transformer Under Heavy Overload 

Currents 

a, b, c and d represent successively increasing steps of volt-ampere load 


further and further from the primary current. ''(See Pio- 7 i 
In transformers that are pushed to the absolute limit nha^ 
angles as large as 40 to 50 degrees between the position’ of the 
pnmary' current and the position of the reversed seconder,! 
current are readily obtained. The point where the curve (for/ 
mences to turn upward is determined by the amount of secondarv 
Irod, which IS connected to the transformer. If the transforms?^ 
has a verj' low secondary connected load the ratio curv^SilS®? 
somewhat lower, and will not turn up until it gets out to a v^y 
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extreme current. It is possible to load good transformers as 
high as twenty to thirty times normal current and still have 
only from five to ten per cent change in ratio by making the 
secondary connected load very low. If the secondary connected 
load is very high, the curve may be rising at the full-load current, 
and turn upward sharply beyond, so that, even at twice or 
three times the load it may show changes of from ten to one 
hundred per cent in ratio. 

Now, as applied to selective relays, this means that the shape 
of the curve of the selective relay when you get to the point 
where this happens is decidedly affected by the transformer. 
In general, the tendency is to flatten the curve of the selective, 
relay. It does not reach the point of turning up again due to 
the transformer, for the reason that the secondary current of 
the transformer never diminishes; no matter how far out you 
push the increase of primary current, the secondary current is 
still slightly increasing, but only slightly. 

Mr. Schuchardt gave some illustrations, showing that the 



g—R ela-TION of Inverse and Definite-Time-Limit Relays 


definite-time-limit relay on a series of stations tends to pile up 
the time delay necessary in the generating station, and he showed 
specific means in use on his lines for keeping the time down 
by the use of balanced systems to cut out certain parts of the 

There is another means by which in general the time can be 
kept somewhat lower on these arrangements. By the substi¬ 
tution of 'a suitable inverse-time-limit relay for the definite- 
time-limit relay, the time of the relay nearest the fault tends to 
be relatively less and that of those further removed from the 
fault relatively greater, particularly where much synchronous 
apparatus is connected. Thus a safe differential may be f cured 
between the successive relays with closer settings than when the 

time of each relay is definite. ^ _ -u* 4 : 

An inverse-time-limit relay is equivalent to a cornbination 0 
a number of definite-time-limit relays set for varymg currents 
and different times. Referring to Fig. 8, suppose five definite- 
time-limit relays at the same point on a system are set tor 
amounts of 5, 6, 8, 11 and 15 amperes, and for times of 4, 3, 2, 
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1 and Q.5 seconds respectively. Evidently with any current 
above 6 amperes and below 8, tripping will occur in 3 seconds; 
between 8 and 11 amperes, in 2 seconds, etc. Evidently an 
inverse relay which has a time-current curve represented by the 
dotted line accomplishes the same function as an infinite number 
of definite-time-limit relays with settings such as indicated. 

When the study of a system shows a certain time-current 
curve to be desirable, it is not always possible to secure a relay 
which will give the desired result. In the curves given in the 
paper the slope of the first part is so sharply downward that an 
undue share of the possible selective time difference is wasted in 
.,a very small increase of current. A curve approximating more 
nearly a straight line maintains selectivity through a greater range 
of currents with less total time setting. It can be applied to 
practically any of these circuits we have been speaking of and 
can somewhat diminish the actual time to be set without di¬ 
minishing the separation between the various successive switches 
that are to be tripped. 

O. C. Traver: It is very gratifying to note that both the 
New York Edison and the Commonwealth Edison companies are 
devoting considerable time and energy in order to properly 
apply relays to the lines of their systems. I believe it would 
pay every large operating company to keep a well paid expert 
continually at work on this problem. Generally speaking, by 
proper investigation and application, the most unattractive and 
low priced relays can be made to do as good or better work than 
the highest priced devices on the market are capable of doing as 
applied in some cases. Greater investment along these lines 
will yield good dividends. 

Mr. Schuchardt spoke of relays having almost human in¬ 
telligence. Our president tonight used the same reference. 
Human intelligence is available for correct application of 
relays. I believe it advisable to use it here as well as to expect 
it in the relay as suggested by Mr. Schuchardt. For, gentlemen, 
if we could endow a device with human intelligence and then 
add animal instinct and woman’s intuition, all three of the 
highest order, we would yet come far short of what is generally 
desired of a relay. If we would allow a relay as much time as 
is required by human intelligence to act, it would do its work 
with a fraction of the errors occasioned by human action. In 
fact, a relay’s work lies in the superhuman class. 

I am very glad to see that Mr. Torchio has defined his terms 
at the beginning of his paper. This eliminates misunderstand¬ 
ing. As an example, many of us are accustomed to terming the 
load feeder connecting the substation with a customer or actual 
load, as a radial feeder. That is, the last link in the line to the 
load or customer, would be called a radial feeder. As you re¬ 
member, Mr. Torchio referred also to a trunk feeder or the con¬ 
nection between busses back to the generating station as a 
radial feeder, Mr. Torchio’s care to forewarn us completely 
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obviated any difficulty. Some standardization of these terms, 
however, might well be undertaken by the Institute. 

I believe both Mr. Torchio and Mr. Schuchardt are relaying 
particularly for break-downs on their system. _ I am sorry to 
say that a large number of operating companies have not yet 
come to this way of protection. I believe it to be the proper 
one wherever overload relays are used. 

Mr. Torchio referred to the Merz-Price system in a way 
which leads me to believe that he had also in mind a system 
fathered by Mr. Hunter, also of England, although the description 
by Mr. Torchio would apply equally well to either one. 

. I notice in both papers the use of_ the terms reverse-power 
relays and reverse-energy relays and unidirectional relays. Here, 
again, I would suggest that it would be worth while for all to 
get together and use the same terms so there would be no mis¬ 
understanding. Sometimes I feel it would be preferable to use 



the simple term directional relay, on account of the fact that 
the relay may be called upon to operate in case of power flowing 
in either direction, such, for instance, as in the case just shown 
by Mr. Crichton on the screen, viz: a relay having two contacts, 
closing one in the event of power in one_ direction and the other 
in the event of power in the opposite direction. i, + iv/r 

With reference to the question of polyphase relays, what Mr. 
Crichton has said tonight I agree with completely, bo tar as 
I know, all the large companies_ have given up the use ot tne 
in-phase connection shown by hiin on the screen. , 

I would like to bring out in a little more detail the advantages 
of one of the comparatively new methods of directional or re- 

verse-power relay connection. , 

Referring to Fig. 9,. a, b and c, represent the voltage triangle 
of a three-phase circuit, in which circuit, at unity power factor 
A-A' is the current in phase A 
5.j5/ - “ “ “ “ B 
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In most wattmeters and directional relays maximum torque 
is obtained when the current and potential are in phase I will 
confine myself herein to this type of relay, and for the purpose 
of brevity, I will omit all discussion concerning the failure of 
earlier forms of connections. 

If now we consider the current A —A ' it is desirable to obtain 
for use with it a voltage of approximately the same phase direc¬ 
tion as ^ — .4' For the proper results this potential phase di¬ 
rection should remain reasonably fixed even with the most 
severe distortion of the voltage triangle under conditions of 
single-phase short circuit. Potential B—C is 90 deg. out of 
phase with A —A', therefore if we displace ^ — C 90 deg. the dis¬ 
placed potential will be in phase with A—A'. The use of such 
a potential would result in maximum torque at unity power 
factor. 

Serious faults, however, almost invariably result in lagging 
current. Instead of displacing 5 - C 90 deg. then, if we displace 
it as shown by 5 a — Ca our maxi¬ 
mum torque will be available with 
a certain degree of lagging power 
factor. So— 

Ba— Cais the displaced potential 
B — C and it is used in con¬ 
nection with current A — 

A', 

is the displaced potential 

C —A and it is used in con- i _ 

nection with current B — 

B'. 




Cb—Ah 


Cb 

Fig. 10 


Ac — Bcis the displaced potential 

A—B and it is used in connection with current C—C'. 

This is what I would call “connected in quadrature’'. 

We will now investigate the condition resulting from a single¬ 
phase short circuit. 

Fig. 10 represents the vector relations of the various currents 
and potentials in such a case. For simplicity and clearness 
unity power factor will be assumed. 

It will be observed that the displaced potential Ba — Ca again 
slightly lags behind the current A —4'. Not only is the vector 
relation good but the potential is nearly at full value, a very 
valuable combination. The same is also true concerning the 
short-circuit current C—C' and its companion potential 4 c — 5^. 

Even in the case of the third phase which is not greatly af¬ 
fected by the fault, the relation of potential and current is still 
correct. 

If we consider a dead single-phase short circuit between 
A and C, then potential 4.will be superimposed on potential 
B—C. The phase relationship of the connections to the relay 
coils is still correct and operation thereby safeguarded even with 
zero potential across the short-circuited phase. - 
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For a single-phase load and no distortion of the voltage triangle, 
a maximum relative variation of 30 deg. between the current 
and potential is possible. The amount of distortion under such 
conditions is entirely harmless. 

This method of quadrature connection is now used exclusively 
by one of the large manufacturing companies for both dyna¬ 
mometer and induction types of directional relays. 

In the polyphase relay as it is now being exploited, three 
elements are used; three absolutely separate and individual 
elements excepting that they are all working together on one 
common shaft. It consists then, of three single-phase relays 
working on the same shaft. Current and potential are again 
connected in quadrature as described above. From these dia¬ 
grams it is seen that each individual phase of that relay will 
operate properly so that there is no particular tendency there 
seems to be no tendency whatever—for any one of the three phases 
to work incorrectly. So, if you can get power enough to operate 
a single-phase relay you will have, in general, three times as 

much power to operate the 
polyphase relay. In the case 
of a single-phase short circuit 
we have, in two elements, 
large currents working in good 
phase relationship with large 
potentials. These two _ ele¬ 
ments provide many times 
more power than is needed, 
so that there seems no chance 
under the sun for the relay 
_ to go wrong in such a case. 

Time-Current misunderstand 

me when I say no chance to go 
wrong We have to be particularly careful if we the poly¬ 
phase relay on a system with grounded neutral. That is be¬ 
cause of a tendency, sometimes in the case of a ground, to cause 
power to flow in one direction over one wire, and in the opposite 
direction over the other two wires. This difficulty in a large 
number of cases, can be overcome by proper connection of the 
relays, as Mr. Torchio has brought out in his paper viz by 
inter-connecting them. By such mter-connection, the power 
current which would cause the trouble, is balanced out so that 
simply the fault current is left to work in the relays. 

I would like to say just a word ; 

limit relavs Mr. Craighead mentioned the fact that the snape 
Ke Se was limitfd. I think that I ™ 
saying that the shape of the curve is liinited 
vou are willing to pay for the relay. I do not think 
would be at all impossible or difficult to obtain a rel^ which 
will do the work you want, if you want it badly enoug . 

I would like to give one example of 'lav 

relay would be of greater value than a definite-time-limit re y. 



CURRENT 

Fig. 11—Theoretical 
Curve 
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If you take, for instance, two links of one circuit which may be 
in tandem or in series with one another; the one farther from the 
generating station, is equipped with a current transformer whose 
ratio is one-half of that of the one nearer by, or if the current 
setting of the relay farther from the station is one-half that of 
the relay near the station, it is perfectly evident that the actual 
current in the farther relay, in case of a short circuit beyond it, 
will be proportionately twice as great as the one near the station. 
Now supposing we lay out a theoretical curve, as in Fig. 11. 

For this theoretical curve we will assume that each time the 
current is doubled, the time will be reduced t seconds, which is 
that amount of time necessary to give selective action between 
two circuit breakers. 

Inasmuch as the relay nearest the fault always gets the 
equivalent of two times the current in that relay next farther 
back toward the source, the difference in time of the two relays 
will always be t seconds and selective operation will result in 
every case providing, of course, proper setting is made so that 
time can never be less than excepting for trouble in the im¬ 
mediate section. 

If there is enough ciurent through the system to be seriously 
dangerous, the time would be down to so low a value that there 
would be no necessity of using the extra instantaneous overload 
relay spoken of by Mr. Schuchardt. 

A. A. Meyer: Summing up Mr. Torchio’s paper, I find that in 
all of the schemes of connection, overload relays, usually reverse- 
time-limit with graded settings, are used in all outgoing feeders, 
and overload relays in connection with reverse-power relays on 
incoming feeders. This is true in both radial and parallel oper¬ 
ated lines. 

He has made a number of classifications which apparently are 
only combinations of the. two fundamental schemes of operating 
lines, viz. radial or parallel. I cannot appreciate the value of his 
classification and I believe if each operating engineer will take 
his own system and try to fit it into one or the other of the di¬ 
visions, he will find that his particular system may be the same 
in many respects, yet considerably.different than any one of the 
types indicated in Mr, Torchio’s paper. Also, I do not think 
that Mr. Torchio meant to infer that the examples which he 
cited under those headings are particularly the best schemes of 
relay connections. 

On incoming lines in some cases he uses straight reverse- 
power relays, without any overload feature; and in other cases a 
combination of the two. I have reference particularly to Figs. 
2, 3 and 4 and wonder why in some instances the overload 
feature is omitted. 

Of the various schemes of protecting parallel operated cables 
I favor the balance scheme and I wonder why so much attention 
is being paid to the adaptation of reverse-power relays. These, 
in combination with the overload relays, require, usually in very 
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extensive or heavily connected systems a scheme of finely graded 
settings which in practise, for various reasons, do not always 
give the desired sequence of operation. Then also the direction 
of energy may not always be fixed and it may be desirable at 
times to send power in a direction reverse from normal. The 
possible complications seem much more numerous wdh the 
reverse-energy relay combinations than with any of the balance 


schemes. 

Many of the operating companies have cable systems still 
working radially which might be changed advantageously to. 
parallel operation. The scheme of protection of course depends 
largely on local requirements, but I want to point out how 
easily the change from radial to parallel operation was made in 
the city transmission system of the Detroit Edison Company 
by using the same cables and introducing a balanced scheme o 
protection. This company is operating two mam generating 
bants, viz. Delray and Connors Creek Power Houses, located 
on the' Detroit River and at opposite ends of the city of Detroit. 
From each of these generating stations the 24,000-volt cable lines 
radialll to the various 

latter were interconnected tie-line cables. The lines going 
the same substation were selected with care and paired up, two 

power house through the various substations and then to the 

relay connected between^ 

Its tripping cablls ^In case of trouble in one cable, 

in the currents of the two j trip thus isolating 

K oSto The ^ SVivS t 

“ch Ptotected by an overload relay, 

substituted for the . protecting parallel cables has 

This scheme ot operating and p , V^een very effective in 
been in operation ojer a 7^^ the number of interrup- 

isolating tronble reserve-cable capacity to any 

tions of service, ye necessa y parallel scheme and 

substation is is also a greater flexibility in proper- 

general classifications, its seein t protective 

sound. I want to suggest that all pmatter 
development, is along two T ^t’ Jver and say that when a 

how complex the system we c 
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fault comes it will do thus and so, power will feed this way or 
that way, current will be greater here or there, voltage will drop 
here or rise somewhere else, phases will do this, that or the other. 

Now, in so far as our assumptions are correct and our analysis 
is right, we can apply relays more or less effectively, and by far 
the greater amount of experimental work, development work, 
has been along this line. But I think if we look at the problem 
a little more from the inherent points that we are tr^dng to accom¬ 
plish it will shape itself up this way: No matter what the system 
is, no matter whether we are considering cables, transformers or 
generators, any fault which is the starting point for clearing 
switches means that .the current flows in at one end and docs 
not flow out at the other. That is the foundation of this differen¬ 
tial idea, whether you want to call it by Merz-Price or something 
else. In the papers tonight we have seen that the Chicago people 
have applied this principle to the generator. Any fault in the 
generator means that the current goes in at one end of the 
winding and does not come out at the other. We have seen the 
same idea in transformers where current going into the primary 
does not balance, that the current in the secondary upsets the 
balance. ^ These applications are fairly easy. The two ends of 
the circuit, transformer and generator, are close together. The 
leads in a differential connection are short and inexpensive. The 
idea of applying this to cables and lines was thought of later. 

It seems to me that the use of the split-conductor, or the two 
cables in parallel, which Mr. Meyer has just descrilDed as used 
in Detroit, is an extension of the pilot-wire system, in which, in 
order to avoid the investment, the trial investment of the pilot 
wire, we simply take another conductor, use it as a working con¬ 
ductor and also as a pilot wire. So, if that is the principle applied, 
we seem to be on a very simple fundamental basis for isolating 
any faulty piece, no matter how extensive, and only by carrying 
out this principle can it be followed to the limit, and of course 
the limit is far more complex than any of the diagrams shown 
tonight, because just so soon as we can reliably disconnect a 
faulty feeder we can effect great economies in copper by inter¬ 
connecting wherever we wish. There are, of course, limitations 
to this idea. We must not forget that the very transformers 
which we put on to determine this differential are themselves 
pieces of apparatus, so that we may get to the point where we 
have to put transformers on other transformers, and in many 
connections the switches are outside of the differential link. vSo, 
there are still a few problems to be worked out before we can say 
that there is available 100 per cent protection. 

A paper presented last month by the Chicago Edison man at 
New York, referred to where a cable failed and the switch did 
not clear because the very protective devices, the current trans¬ 
formers put in to clear that cable, were mechanically disconnected 
by the large forces developed. 

H, L. Wallau: In our experience in Cleveland we have found 
a satisfactory solution for our problems to date by the use of the 
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overload relay at the sending end, and the reverse-energy relay 
at the receiving end. We operate tandem with cables in parallel. 
The balanced scheme suggested where two cables are used prac¬ 
tically as one transmission line at first blush seems like a wasteful 
thing, because when your relays operate two lines instead of one 
go out; but I think if we study the problem a little bit we will find 
that the resultant economies due to the inter-connection value 
of all the lines in one net work will give us more extra emergency 
capacity than we lose by using two lines at once, so that the net 
gain will be greater than the apparent loss. 

^ The problems as we have had to meet them in Cleveland,— 
the particular locations of our substations and the cable lines 
already installed and the subways, which to a large extent had 
to be used—^have apparently mitigated against our developing 
any system of balanced protection. Nevertheless, we have had 
it constantly in mind, and I think that the day will come when 
we shall go over to that system. I think the system is much more 
easily applied when there are two generating stations located at a 
considerable distance apart, with substations scattered in 
between. If there is but one generating station and the sub¬ 
stations are mostly located in one general direction from the 
plant, it is sometimes hard to justify a large expenditure in sub¬ 
way and ring feeds to bring about the conditions necessary for a 
balanced system of protection. 

J. S. Jenks: I will give a little experience to show what 
developed in the application of the various types of relays we 
have heard discussed this evening. We started with a system of 
transmission connecting a smaller number of substations with 
radial feeders. The system so grew that it finally consisted of 
over 600 miles of transmission lines connecting over eighty 
substations. When we came to loop the system with twelve or 
fifteen substations in a loop, you can see. that the undertaking 
of applying any time-element, selector-type or inverse-current 
relay was almost an impossible job; our experience had shown 
us that it was impossible to get a satisfactory relay that could 
be depended upon to operate closer than a one-half second. 
Hence, in graduating the time, we would have to have at least 
a half second between two stations, and with half a dozen 
stations it meant an abnormal time and with ten stations an 
impossible time; in one case where we had fifteen stations it 
made a setting of seven one-half seconds. This would not give 
satisfactory protection. After giving the matter considerable 
study and looking particularly to the financial end of the prob¬ 
lem, we found that about the simplest and most effective system 
of relays we could devise is one, as shown in Fig. 12 consisting 
of a three-phase primary relay which is connected to a secondary 
of potential transformers on the high-tension substation buses 
and a secondary relay actuated from the substation lighting 
transformer and controlled by the primary relays controlling the 
locking relay on the switches. The one primary and secondary 
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relay will control any number of locking relays on any number 
of circuit breakers. 

The operation of this system of relays is as follows: When 
the line potential drops below a certain predetermined value, the 
primary relays drop and short-circuit the secondary coil through 
a resistance which in turn opens the secondary contact,^ thereby 
interrupting the potential to the locking relay, which then 
unlocks and leaves the circuit breaker in condition to operate 
from an overload. So long as the potential remains within a 
certain percentage of normal no breaker can be opened by the 
automatic feature on same. As soon as a fault of any kind 



develops which will lower the potential to a predetermined value 
at any station, it unlocks the circuit breakers in that station, 
and if two stations happen to be very close together, it rnay 
unlock them in both stations, and then the section of the line 
which is in trouble is tripped out by the overload trip. This 
arrangement not only has reduced our interruptions to a mini¬ 
mum, but has very materially reduced the service of the switches, 
there'being a certain time element due to the fact that the prim¬ 
ary and secondary relays and the lock on the swdtch have to 
operate before the circuit breaker opens; and before that pro¬ 
cedure starts there has to be a sufficierit drop in the line to 
reduce the voltage to some predetermined value. Such an 
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arrangement has proved, as far as our experience is concerned, 
more satisfactory than any other arrangement of relays which 
we could work out on account of the great number of stations 
in circuit and the large number of sources of power, the system 
which I have reference to having six power stations and 600 
miles of transmission line and about eighty substations, all 
looped together and all operated as one unit. In addition, we 
have made a number of connections with lines which are parts 
of other systems, so that at the present time we are operating 
not only all our own system in parallel but are in parallel with 
systems of three other companies, and all our lines protected 
by the simple, inexpensive system of relays. 

One of the speakers mentioned interruption. We adopted our 
plan with the idea of limiting interruption. He wanted to 
know what we called an interruption. We call any cessa¬ 
tion of power an interruption, if it only be for a fraction of a 
second. If the power is off the line, the breaker opens and is 
immediately closed, we term that an interi nption. ^Some of 
our customers call a fluctuation in voltage an interruption. 

Philip Torchio: With the exception of the very interesting 
contribution of Mr. Jenks, about whose system of protection I 
am sure all of us would like to know more, the mam questions 
submitted by the speakers in reference to my paper are prin¬ 
cipally calling for explanations of statements rather than criti¬ 
cisms of the subject matter. 

Mr. Summerhayes has commented upon the statement that 
generator protection is seldom used. I did not mean to endorse 
that practise. On the contrary I think that generators, especially 
large generators, should be protected, and I agree with Mr. 

^^M™^Cole has misunderstood my reference to one of the pre¬ 
ferable arrangements.' I did not refer to the spht conductor as 
the preferable one. I said that the balanced system is preferable, 
Ind I was rather careful in describing what a balanced system is 
Under letter (b) I gave a definition generic oiiough to include the 
Merz system, the split-conductor system and all kinds of bal- 

gShat Mr. Meyer el Detroit has asked why.^^ 

ered that the equipment connections 

boththe^ovSoS rday and the reverse-energy relay am shown. 
ThJrSher will be corrected «-^;"?J^”*l“’?,erload. 

The reverse-enerp Ws the overload 

In all arrangements in slries, which is an 

“ =S°r”eSy"“This applies to all cases where a reyerse.epergy 

”'rh"asked by Mr. Craigh^d why in U the she^J 
transformer was used instead of using the neutral 
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current transformers. If the grounding relay is connected to the 
neutral point of the standard transformers, as shown in the con¬ 
nections to the converters in the substation, the third harmonic 
produced by saturation of the current transformers causes a 
current to flow through the grounding relay under conditions 
of heavy balanced overloads. We found from tests that this cur¬ 
rent amounts to 0.2 ampere with 34 amperes secondary current 
and runs up as high as 5 amperes when the balanced three-phase 
current reaches a value of 70. This makes the installation of the 
grounding relay objectionable in the generating station where 
very excessive currents may be obtained under short-circuit 
conditions. 

R. F. Schuchardt: Mr. Summerhayes asked why the split- 
conductor cable is not more generally used. Mr. Cole has al¬ 
ready given several reasons for this. In addition, the system is 
not as simple as it seems on paper. It costs more than other 
systems giving equally good results and it is not an easy matter 
to apply it to an existing system. The transmission system must 
have a high degree of flexibility so that industrial installations 
may readily be added at any points without requiring a complete 
rearrangement of the protective system. The scheme outlined 
in my paper permits such additions readily. If we were to start 
with a clean slate we might, to advantage, use split-conductor 
cable throughout. 

Mr. Summerhayes also asked my personal opinion regarding 
the proper size of frequency changer to be used as a tie between 
two 50,000-kw. systems. A great deal more information regard¬ 
ing the systems is necessary before this can be answered definite¬ 
ly. However, it may be of interest to note that the particular 
installation referred to—that is, the 5000-kw. frequency changer 
at Quarry Street—connects a total of 56,000 kw. of 25-cycle 
capacity with 28,000-kw. capacity of 60-cycle units, though each 
of these groups'of units is connected through heavy tie lines 
with other units at Fisk Street station. With the present relays 
the frequency changer switch opens at times on relatively light 
disturbances on either section. We expect that the new relay 
installation will prevent this and cause the unit to drop out 
only when there is a fault within it or when the disturbance on 
either section is so great thabthe synchronizing energy passing 
through the frequency changers is more than they can safely 
carry. 

Mr. Crichton asked our ideas regarding the maximum safe 
time for holding on to a faulty line. The answer for the Chicago 
system is given in my paper as seconds. In New York a 
somewhat longer period is permitted. In his question Mr. 
Crichton undoubtedly had in mind the effect on the service 
delivered. It will be noted that in the scheme for the Chicago 
system the opening up of a line in the interconnected system does 
not affect the remaining lines and therefore does not interrupt 
any service. That is the fundamental idea of the entire scheme. 
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Mr Crichton’s discussion of the various combinations for the 
connections of relays is very interesting indeed and we are pleased 
to have his assurance that the particular connection adopted 
in Chicago is the one that will always work. 

Mr. Craighead showed a curve illustrating what could be 
obtained by a combination of relays, which curve I agree is a 
desirable one. Mr. Traver stated that a single relay having a 
characteristic curve as drawn by Mr. Craighead could be' built 
if we want it badly enough. We certainly have wanted it badly ' 
enough for many, many years, but the success of the relays we 
are now using has changed this. By using an induction type of 



Pig. 13—General Reverse-Power Relay Connections, Tie Feeders 


relay together with an instantaneous relay of the simple solenoid 
type we can very nearly obtain the same results, and Mr. 
Traver's instrument now has this combination to compete 
with commercially. 

N. L. Pollard (communicated after adjournment): Mr. Tor- 
chio mentions several combinations of relays covering different 
conditions on the New York Edison Company’s System that ap¬ 
parently have been giving good protection. 

Fig. 2 of this paper shows four feeders in parallel between a gen¬ 
erating station and a substation. These feeders are protected by a 
combination of balanced and reverse-energy relays. It is not 
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clear to me from the diagram, how the vsecondaries of the current 
transformers on any one of the circuits may be automatically 
cut out or disconnected. I imagine this may be accomplished 
by means of auxiliary switches operated by the oil switch. I also 
note that two sets of current transformers are used, one set 
probably having a ratio of 1:1. This is evidently an additional 
safeguard to prevent the high-tension current from reaching the 
low-voltage relay circuits. 

The Public Service Electric Company have had in successful 
operation in South Jersey for nearly a year, an arrangement 
similar to the above, with the exception that there are only two 
feeders in parallel and we use only one set of current transformers. 
Each oil switch is equipped with a D. P., S. T. auxiliary switch 
which breaks the connection between the two sets of current 
transformers. In case one line is automatically cut out, the 



Pig'. 14—Connection Diagram for Selective Relay Scheme 

R = Reverse-Power Relay Contacts A, B and C are up when oil switch is open and down 
when switch is closed. 

D is open when AB^ AC, or J3C are up. 


second line is left with a straight overload protection. The con¬ 
nections are as shown in Fig. 13. We have had a number of cases 
of trouble and the relays have to date, always operated success¬ 
fully. - 

Pig. 14 shows an arrangement of auxiliary switches for cutting 
out of circuit, the secondaries of the current transformer of the 
feeder in trouble, when three feeders are operated in parallel, 
with the same relay connection as mentioned above. 

I wish Mr. Torchio would explain a little more in detail re¬ 
garding the use of the “Zig-Zag” 3-phase grounding transformer, 
shown in his Fig. 11. ■ 

In regard to the balance system, using split-conductor cables, 
which we expected to put into operation last fall I would say 
that due to trouble in getting deliveries on the differentially- 
wound current transformers and small reactances, we are oper¬ 
ating the split-conductor cable without the balance protectiorx. 
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We feel that the split-conductor cable, operated on the balanced 
principle, will give us 100 per cent protection. 

We expectf this year, wherever possible, to pair a number of 
our overhead lines and operate them as split-conductor cables. 
This, we feel, will give us better - protection than any other 
scheme, providing of course, that the power can be fed into the 
substation by some other line or cable, in case these two lines, 
operated as a split-conductor cable, should be automatically cut 
out of service. 

Mr. Torchio’s paper has made me optimistic on the relay situa¬ 
tion, and I feel that almost any situation can be taken care of by 
using one of the schemes illustrated in his paper. 

Chester Lichtenberg (communicated after adjournment): The 
shape of the time-current characteristic of a protective relay is an 
important feature of its economic application. 

The time delay of the direct-connected solenoid and induction 
designs is affected at low currents by the responsivity of the 
relay. Suppose, for example, that the relay is set to start 
operating at 5 amperes. If a current of 5.1 axnperes is sent 
through the relay, it will start to operate, but its time delay viU 
be long, and for successive trials may vary several hundred 
per cent. If the test is repeated at 5.2 amperes, the range of 
variation will be found to be less, and at 5.3 amperes it will be 
found to be still less. An investigation of this charactenstic 
has indicated that the most consistent results were obtained when 
the first point of the time-current characteristic was detennined 
with a current equal to 110 per cent of the current at which the 

relay was set to start operating. • j x* 

The time delay of direct-connected solenoid or induction 
relays is also affected at high currents by the characteristics of 
their time-delay features. The time delay of the bellowb 
equipped solenoid relay becomes irregular and may vanish at 
currents from eight to ten times the rated current of the operating 
cX ThiTS cLsed by the forces, produced by the relatively 
Sh currents, straining the time-delay feature beyond its 
capacity, and prematurely closing the auxiliary contac^^^^ 
ordinary induction relay has a similar critical curren p , 
above which, however, the time delay is over 80- 

from 25 times rated operating current “ * 3 ° 7 by the 

times onerating current in another design. It is causea oy me 
leTkL^flux from the core of the operating windings counter- 
actnTthe efiect of the flux of the circuit norutally coutroll.ng 

“■xf;? ciSiS pS?n the thne-eurrent characteristies of these 

relays can be fixed beyond fte 

the addition of a shunt reactor The reactor is so 

it shunts practically no current from ^currents It not 

but shunts out 50 hi^h currents, bu^ 

only permits less current to enter the f g^es into the 

also acts as a stabilizer by smoothing the current rusnes in 

relay. 
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The time delays given in Mr. Torchio’s paper range from about 
0.1 second to about 4.5 seconds. A stop watch, such as ordi¬ 
narily used for meaisuring time, will not give accurate determina¬ 
tions through this range. Its indicating hand moves in steps of 
0.2 second. An error, therefore, of only one step, will, for a time 
of say two seconds, give a result 10 per cent too high or too low. 
A larger error is introduced, if, as is customary, the watch is 
manually operated. The responsivity of the operator then 
enters, and may affect the results 10 per cent to 20 per cent or 
more. 

The manually operated stop watch is now, however, being 
rapidly superseded by the automatically operated synchronous 
timer. This device has an indicating hand or scale which is 
automatically started when the relay is energized, and auto¬ 
matically stopped when the auxiliary contacts meet or part. It 
is moved in units equal to or double the frequency of the circuit 
to which it is connected. It will therefore indicate time intervals 
in the one-sixtieth or the one one-hundred-twentieth part of a 
second, if energized from a 60-cycle source. 

The time delay of oil circuit breaker mechanisms must also 
be taken into account when setting relays to operate at short- 
time intervals. The contacts of ordinary oil circuit breakers 
will part about 0.25 second after the tripping circuit is energized. 
This time, however, may vary from twenty to sixty per cent for 
different designs of breakers, and from ten to twenty per cent 
for different breakers of the same design. For accurate setting, 
therefore, rela 3 ^s should be timed and set with the oil circuit 
breakers which they will operate. 
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Abstract of Paper 

The scarcity and high cost of transmission naaterials demands 
that the transmission_ capacity of electric underground cables 
be increased to a maximum. i j j 4.1,^ 

The causes of failures of cables are analyzed and 
drawn that overheating is the most important for consideration. 

Methods of removal of heat from the cables are considered, 
and recommendations made for the conduh mth 

in order that the copper in underground lead-covered cables may 
approach the transmitting capacity of aerial cables. 

T he cost of underground cables for power distribution has 
doubled within the past two years and operating companies 
feel loath to meet increased demands by the purchase of new 
cables at the present inflated prices, when it is not known tha 
cither demands for power or the increased prices of cables wi e 
permanent. It, therefore, now often devolves upon th® °P^ 
engineer to devise ways and means for working present installa¬ 
tions to a capacity much greater than they were suppose o 

Cable manufacturers have endeavored, from their 
to give the purchaser some idea of the carrying capacity of the 
cable sold, but the first hand experience of the h— 
usually ends with the delivery of the cable; hence the data and 
information given out have about the same “Z £ 

those furnished by generator manufacturers for 
generators in the days when such 

temperatures of the outflowing air instead of the temperatures 
t’bp' insid© liottcsti pB-rl/S of fho coils. ' 

The fundamental causes of cable break downs 
differentiated from local causes, as data an £ 

quired by individual cable manufacturers have ^^uaUy bee 
fluenced by local conditions of installation and use, with the 
Suhla/tZe fundamentals have not been clearly emphasized 
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and users with varying local conditions have received much niis- 
information. 

For instance, many of the largest distributing systems using 
underground cables are in large cities where a very low load factor 
exists and there is a relatively small concentration of power 
delivery through any one conduit. Under these conditions, 
cables would naturally be given a higher rating than would be 
considered for places where they operate under a much higher 
load factor, as in the case of power distribution having the char¬ 
acteristics of the one with which the writer is connected, where 
the yearly load factor is in excess of 91 per cent and the daily 
load factor is in excess of 98 per cent. It is apparent that with 
this high load factor, cables have no chance to use off peak 
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Pig. 1—(1) Joint Compound, (2) Cable Oil, 

(3) Mixture of 1 to 1 Joint Compound and Cable Oil 

periods to dissipate the heat accumulated during peak periods. 
The concentration of a large number of cables in one conduit 
also has a direct influence on their total capacity. 

Assuming cables to be made of good material and with good 
workmanship and design, I venture to propose the following as 
the fundamental causes of failure, viz.: Joint troubles, mechan¬ 
ical injury to lead sheaths, and overheating. 

Joints 

Under this heading may be noted: 

1. Those troubles which arise from improper making of the 
joint, due to improper workmanship, poor material, inexperience, 
etc., the remedy for which is principally accumulation of knowl¬ 
edge by actual experience and practise. 
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2. The incorporation of a joint filling compound that has not 
the same characteristics as the insulating compound used in the 
cable itself. 

Cable insulation compounds are nearly always of alight color, 
while joint compounds are usually black. The mulatto combina¬ 
tion of these two materials (each of which may be of the highest 
quality in its own clear unadulterated state) may produce a mix¬ 
ture having very different insulating characteristics from either 
of the original compounds. In the writer’s experience, one whole 
system of cables had to be replaced on account of break downs 
in the vicinity of the joint wherever the cable insulation and the 
joint compound mixed. At that time a test was made of the in¬ 
sulating characteristics of the mixture for different temperatures 
and it was found that, while neither of the compounds in their 
clear form showed an insulation break down within the operating 
temperatures, the mixture did,_ and the curves in Fig. 1 show the 

relative conditions found to exist. ^ 

In a case like this, the operating engineer, being unable to 
wrench the secrets of the nature of the component parts of the 
insulating materials from the manufacturing company, was 
obliged to make further requirements of the cable manufacturer 
to the effect that he furnish a joint compound which would not 
show this objectionable effect. As the reinstallation of the 
cables under this method of procedure proved 
lasting, it has been assrrmed that rn the privacy of te m“uta 
turer’s laboratory such changes were made in the joint or cable 
compounds that they maintained the high insulating charactens- 

^^^SomTSpit^oint makers contend that, if, in the handhng 
r TL Sber at the factory or in the manhole, they are cut 

c’^L: no t—the cable is in operation 
and thoroughly ft”eTnluS 

of the insulating current resisting 

whose temperature soon passes ^ F of trouble 
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tion^ or may still be present in the cable even if the original 
hot spot is cut out. 


Mechanical Abrasions 

In regard to mechanical abrasions of lead sheaths, these 
troubles are positive and must show themselves sooner or later. 
The writer is‘ not aware of any means of overcoming these 
troubles in cases where due care has been taken in the insulation 
of the cable, except to let nature take its course. If the condi¬ 
tions surrounding the operation of the cable are such as to force 
the early determination of these mechanical faults, the assurance 
of future continuous operation is greatly increased. 

Overheating 

The production of heat within the cables is a direct function 
of the square of the current transmitted as represented by the 
PR losses; and also of any dielectric loss, which is a function of 
the voltage and temperature of the insulating materials. Any 
heat produced in the cable must be dissipated through the in¬ 
sulating materials, the protective sheath, the conduit structures, 
and the surrounding medium, if th'e cables are to be kept at a 
temperature within the range necessary to maintain their 
insulating characteristics. 

The paper of paper-insulated cables belongs to that class of 
materials whose insulating value decreases with the rise of tem¬ 
perature; therefore, within working limits, the cooler the cable 
is kept the less the dielectric loss. 

An instance of the destruction of paper insulation under high 
temperatures was noted in taking out a length of cable in which 
a section, at least fifty feet from where any known trouble had 
existed, was found where the paper insulation had practically 
disappeared. The three conductors holding their relative posi¬ 
tions for about two feet, the lead sheath being fully intact but 
only half filled with ashes fronf the destroyed insulation. This 
cable, while in operation had given no trouble at this place on a 
12,000-volt working circuit. 

The problem, therefore, resolves itself into a control of the 
dielectric loss and into an even and rapid dissipation of all heat 
produced within the cable. The retention of a constantly pro¬ 
duced heat, no matter how small, would result in the building 
up of temperatures not only such as to destroy the insulating 
characteristics of the cable structures, but to destroy the cable 
itself. 
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It is apparent that the area of obstruction to rapid dissipation 
of heat from the cable or conduit may not be in the cable itself 
or in the conduit structures, but may be a factor of the quality 
and condition of the earth surrounding the conduit; thus, a cable 
system installed under the sod at the side of a paved street may 
have a very different radiation coefficient from a similar conduit 


under the pavement of the same street. 

In a paper by Mr. L. E. Imlay in 1915 this matter was brought 
up, and the suggestion made of dampening the earth on the out¬ 
side of the conduit by means of porous tile laid in the ground 
outside, which, undoubtedly, is a step in the right direction. 

In the writer’s experience, a 12,000-volt, 3-conductor, 4-0 
cable was found to transmit 190 amperes per leg easily when 
the conduit contained but one cable, while this same cable could 
transmit only 140 amperes per leg with the same rise of tempera¬ 
ture through the same conduit when other similar cables ha 
been added and were all connected in paralleh This would 
indicate that, in the particular instance noted, which was throug 
clay soil and upder a paved street, the obstruction to the dissipa¬ 
tion of heat was in the earth surrounding the conduit structure 
It was also noted that in this conduit, which was made up of 
nine ducts, an installation of eight cables in the ^ 

would transmit practically the same amoun^f 
same rise of temperature as would be transmitted when the ninth 
cable was installed in the central duct. This indicates that ^ 
conduit has a total carrying capacity dependent 
torior surface of the conduit structure in contact uith the sur 

cany power far in escesa of its ordinary ' a 

cas/wlere^vencabieswere — 

short circuit occurred tn P rippdle of the dial on the 

but the seventh failed to open. T operator 

instrument of the switchboard of the 

did not notice that it ,i,euit while waiting 

scale, and he, therefore, p„^er. This not being 

advice from the plant to agai p 

received in the of the recording 

customer ^.^e seven cables were delivermg 

-wattmeter indicated, that tn 
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approximately 22,000 kw., that when the six- were opened the 
power dropped to 18,000 kw. and gradually ran down during a 
time of 17 minutes to 9,000 kw., at which time it was taken out of 
service by the station operator. On examining this cable in the 
conduit it was found to be extremely hot and with several of the 
joint sleeves broken from internal pressure of compounds or 
gases. Upon cooling it down, filling up and resealing the joints, 
the cable was again put in operation and has been doing its work 
satisfactorily for four years. 

In a recent construction of a hydroelectric power plant a sav¬ 
ing of $500,000 was made on the first cost by adopting a speed of 
300 rev. per min. instead of 180 rev. per min.; therefore, why 
should not a similar effort be made to decrease the first cost of 
conduit and cable distributions of power by speeding up the dis¬ 
sipation of the heat formed by the PR losses, at least to the 
point where in any cable system, the power value of the PR 
losses may be made to balance the operating expense of increased 
construction and installation.. 

It is, therefore, suggested that the dissipation of heat by water 
be applied to new and permanent construction and that, in 
places where such construction is possible, conduit systems should 
be built so that the ducts can be flooded with water and cables 
operated under practically submarine conditions. Bare copper 
wires in aerial transmission lines now carry approximately twice 
the current that is carried in the corresponding conductor of an 
underground paper-insulated cable and, if the lead sheath of the 
cables were kept at a temperature below 60 deg. cent, by the 
presence of water, the carrying capacities of underground cables 
could be made to nearly approach that of bare aerial conductors. 

The rapid and definite dissipation of the heat from the cables 
with water immediately surrounding them would not only 
greatly increase the carrying capacity of any particular cable 
or of a particular conduit system, but would decrease possibilities 
of cable trouble from all other causes except mechanical injuries 
of the lead sheath. 
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THE FUNDAMENTALS OF SUCCESSFUL HIGH-TENSION 

CABLE JOINTS 


by d. w. roper 
Abstract of Paper 

The specificatiofts are intended to apply in general to joints on 
cables operating at voltagps above 10,000 and in particular to 
lohits operatini above 20,000 volts. The specifications include 

^°^The clwr^heath should be cut back from the ends of the 
conductor a sufficient distance to allow the application of the 
insulS to ?Srjoint without injuring the insulation around the 

conductors.^oppgr splicing sleeves should have a carrying capac- 
ity at least equal to should be carefully 

ta?crel rouSded anffinis^i^ed so"^as to eliminate all sharp points 
conductors skould be separated ^orn each o^th^r^and 

IhaT wm holdXm i feelpos^tLTrelative to each other and 
to the enclosing lead sleeve. . . ^ h2Lve sufficient dielectric 

mum operating temperature of the caoie. 

b. lllou\d^nofform®cr°lcks in cooling nor during cold 
weather. sufficiently fluid 

flow into all air spaces removed when 

e. It should be capable o^ bem^^^^^^^ 

necessary without injury 

ductors. 1, or, e-xcessive coefficient of expansion. 

f. It should not have an ex the compound 

6 . The insulation should the^^ioint will be without air 

poured in such a manner that the j.omt w 

pockets or voids. , ,^ i-p carefully excluded from the joint. 
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perature. , other symbol, should be stamped 
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t-xURING the past 
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companies in making the cable joints have attempted to use 
methods similar to those which have been found adequate on 
cables operating at materially lower voltages. The results 
secured in this manner were frequently disappointing. As the 
other extreme, some companies have adopted a type of cable 
joint that required three men a day and a half to complete. In 
some companies one splicer and a helper make up two joints 
per day, although three can be made by the same crew under 
favorable conditions. 

It is probable that no two operating companies use the same 
methods and materials in making up their 20,000-volt cable 
joints. It is thought that if the engineers engaged on such work 
would agree upon the fundamental requirements of successful 
high-tension cable joints, some progress could then be made on 
standardizing such joints to the advantage of all concerned. 
The labor cost on the various joints being used by different 
companies for'the same purpose probably ranges from v$5 to $30 
and the time required ranges from a half day or less to one day 
and a half. The more expensive joints, which take so long to 
make, may in some cases be considerably stronger electrically than 
the cable, and perhaps somewhat stronger than necessary. It is a 
very serious disadvantage in case of repairs following burnouts 
to take a day and a half to make up the joints necessary for the 
purpose. If a temporary joint is made up to reduce this delay, 
then the joint must be replaced later by the standard type of 
joint, and in the meantime there is a possibility of joint failure. 
If the nature of the burn-out has required the use of the cut and 
try method for locating the trouble it will probably be necessary 
to stop all other cable splicing work in order to secure enough 
cable splicers to make up the joints on the cable undergoing 
repairs. 

The following specifications are intended to apply to joints 
on cables operating at about 20,000 volts, or upwards, but in 
general they will be found of importance, though in somewhat 
lesser degree, on cables operating above 10,000 volts. 

1. The lead sheath of the cable should be cut back from the 
exposed conductors so as to provide sufficient space for the 
application of the insulation around the conductors without 
danger of cracking the insulation near the end of the lead sheath. 

If this point is left to the judgment of the cable splicer he is 
liable to cut the lead back. an insufficient distance so that in 
order to apply the insulation he will bend the individual con- 
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ductors so sharply near the end of the lead sheath that the in¬ 
sulation will be cracked. In order to prevent this trouble, the 
distance from the exposed conductors to the lead sheath should 
be about six or seven inches, depending upon the thickness of 
the insulation around the conductors. If the joint is to be 
insulated with wrappings of tape the ends of the insulation 
around the conductors should be tapered. 

2. The copper sleeves or tubes used in splicing the conduc¬ 
tors should be of such material and so proportioned that they 
will have a carrying capacity at least equal to that of the con¬ 
ductors. 

As the thickness of insulation in the joint will be greater than 
in the cable there will be a greater resistance to the radiation of 
heat from the joint than in the cable. If in addition the copper 
sleeves have a carrying capacity less than that of the conductor, 
the temperature of the joint will be further increased. Experi¬ 
ence with paper insulated cables shows that the dielectric loss 
increases with the temperature, and that all forms of insulation 
have a critical temperature above which the dielectric loss is so 
great that the temperature will continue to rise due to the dielec¬ 
tric losses until burn-out occurs. This critical temperature is 
lower for cables impregnated with a resinous compound than 
with those in which a. mineral compound is used. In order to 
avoid trouble from this cause the splicing sleeve should have 
ample conductivity. The copper sleeve, as well as the ends of 
the cable, should be thoroughly tinned, and the soldering of the 
joint should be carefully done so as to insure that the sleeve is 
entirely filled with solder. It is essential to have the sleeves 
heated to the proper temperature before filling with solder. 
Rolled copper tubing of a proper diameter, and with a length 
of about four times the diameter of the conductor, makes a very 
satisfactory sleeve. If the splicing sleeves are made of brass they 
should be carefully tested to insure proper conductivity. 

3, The ends of the copper sleeve should be carefully tapered 
and rounded, and the outer surface should be finished so as to 
eliminate all sharp points or edges. 

Sharp points on the exterior of the copper sleeve or the con¬ 
ductors will cause an increase in the dielectric stress at these 
locations, and such points should therefore be very carefully 
avoided. For this reason the exterior surface of the splicing 
sleeves should be carefully finished and all small drops or points 
of solder should be removed with a file or emery cloth so as to 
leave a smooth, well-rounded surface. 
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4. The condtictors should be separated from each other and 
from the enclosing lead sleeve by some form of solid insulation 
so that they will retain a fixed position relative to each other 
and to the enclosing lead sleeve. 

The insulation of the joint may consist of 

a. Wrappings of insulating tape, or 

b. Formed or moulded insulation, such as tubes of paper or 
other solid insulating material. 

If layers of insulating tape are used the splicer should be 
furnished with gages for determining when the proper amount of 
insulation has been applied. After this work is completed the 
three conductors should be bound together in such a manner that 
they are equally spaced, and at the same time mechanically firm 
and substantial. This may be done by wrapping bands of tape 
at several points along each of the conductors, together with 
some bands around all three conductors at the same locations. 

When mechanically formed insulation is used care should be 
taken to see that the parts are so shaped, placed and fastened 
that all air will be driven out by the filling compound. Spacers 
of porcelain, or other suitable material may be found desirable 
for supporting and holding the conductors at a point between the 
mechanically formed insulation and the ends of the lead sheath. 

5. The filling compound should have the following qualities: 

a. It should have sufficient dielectric strength for the purpose, 
which strength should not be materially reduced at the maximum 
operating temperature of the cable. 

In general there is no great difficulty in securing a compound 
having sufficient insulating strength at ordinary temperatures. 
Resinous compounds which decrease rapidly in dielectric strength 
with increase in temperature do not appear to be as satisfactory 
as those mineral compounds which have a lower temperature 
coefficient. This is particularly important for the compound 
which is used for applying the wrappings of insulating tape 
around the conductors. 

b. It should be non-hygroscopic. 

Moisture is one of the greatest enemies of a good high-tension 
joint and all possible precautions should be taken to exclude it 
from the compound, or any of the insulating material which 
enters the joint. 

c. It should not form cracks in cooling after the joint is 
poured, nor during cold weather. 

This result is best obtained with those compounds which 
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remain somewhat plastic at the ordinary temperatures and do 
not become hard or brittle. 

d. When heated to the proper temperature for pouring, it 
should be sufficiently fluid so that it will flow into all air spaces 
before becoming chilled. 

To insure that the Ailing compound is at a proper temperature 
for pouring, thermometers should be used, or some simple form 
of test should be devised which will indicate the proper tem¬ 


perature, 

e. The compound at ordinary temperatures should be cap- 
able of being readily removed, when necessary, without injurj^ 
to the original insulation around the conductors. 

'J'his is frecjuently necessary when locating trouble or making 
alterations, and in such cases it should be possible to open the 
joint and make the necessary tests, and later re-make the joint 
without cutting off any of the conductors. 

f. It should not have an excessive coefficient of expansion. 
After the first filling, time must be allowed to permit the com- 
nound to cool before sealing. Ordinarily a small amount of 
additional compound must be added to fill the void left > t e 
cooling of the compound. One such filling following the original 
filling should be sufficient. 

If the filling compound is liquid or soft at ordinar>^ tempera¬ 
tures it may be necessary to use a cast metal sleeve in place of 
orLary lead sleeve, or to wrap the insulaboa vath son,e 
form of porLs tape to act as a cushion between the msulation 

and the lead sleeve. . 

rSe dole £ sSSn“l tttC£lpW« 
?r=aMl£eSl; that is, without air poche« or tWa 

In applying wrappings of b"e 

sleeve and the thin insulating compound, 

given, a generous coa,ti g TTip taoe should have a lap of 

applied, preferably, with a brus ^ sufficient quantity 

about one-half and the f of are 

and of such consistency that when th PP g 

tightly drawn, all air ^iU fie entirely excluded. 

between the tape and th cMinrl eihould be made before 

Additional applications of t ® ^ fie furnished 

tape has been applied. 
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If some formed or molded insulation is used it should be held 
in position temporarily by the form of the insulation, or by tying 
with string or tape. The solid insulation should be so made and 
held in position in the joint that when slightly tilted at the time 
of filling, all of the air within the enclosing sleeve will be driven 
out by the filling compound. 

7. All moisture should be carefully excluded from the joint. 

■ For the purpose of excluding moisture it may be necessary to 
install some temporary shelter so as to prevent drippings from 
the roof, or contact with the adjacent wall of the manhole. 
Moisture in the insulating tape should be driven out by dropping 
it in a vessel containing filling compound heated considerably 
above the boiling point of water. Rubber gloves should be worn 
by the cable splicer in warm weather, and at other times if the 
hands are naturally moist. The splicer should also take suitable 
precautions to insure that no perspiration drops from the face 
into the joint. 

8. If filling compound with a low melting point is used, 
precautions should be taken to prevent the compound from 
running back into the cable at the maximum operating tempera¬ 
ture. 

If the impregnating compound in the cable does not entirely 
fill the interstices between the strands of the conductors, as well 
as the insulation, then the filling compound as it becomes fluid 
may run back into the cable. This would leave voids in the 
upper part of the cable sleeve and would give a distribution of 
dielectric stresses that would probably later cause trouble. If 
such compounds are used the soldering of the splicing sleeve 
should extend beyond the ends of the sleeve, and in addition, 
several wrappings of impervious tape should be applied to the 
, conductors where exposed between the splicing sleeve and the 
original insulation around the conductor. 

A thin filling compound may also flow back into the jute filling 
between conductors if it is not thoroughly impregnated. The use 
of a fillin g compound with a low melting point should, therefore, 
be avoided unless the insulation, the jute, and the conductor are 
all very thoroughly filled with the impregnating compound. 

9. The initials, or some other symbol, should be stamped on 
the joint to indicate the name of the splicer. 

This stamp can be made in the wipe without danger of damag¬ 
ing the joint. Good cable splicers, like other first class work¬ 
men, take considerable pride in their work, and it makes them 
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more careful if they know that in case of trouble the maker of 
the joint can be readily identified. 

10. The joint should be so located, supported and protected 
in the manhole that it cannot he readily injured by men working 
in the manhole. 

For this purpose the cable should be supported at each 
tmd of the lead sleeve. If a rope and cement protective coating 
is tipplicd. to the cables in the manholes, the same coating should 
be extended over the joint. If this is done the joint cannot be 
injured by being accidentally struck with tools or ends of cable, 
or by workmen bruising cable with the ladder in entering or 
leaving the manhole. _ 
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THE INFLUENCE OF DIELECTRIC LOSSES ON THE 
RATING OF HIGH-TENSION UNDERGROUND 
CABLES 


by a. F. bang and H. C. LOUIS 


Abstract of Paper 

uniformly loaded cables. 

TN the early part of 1916 a series of tests on 13 , 200 -\ olt cable 

1 u„™ o^ditioBS Closely 

was conducted m Baltimore, Md The 
informatioh relative to the rating of cables “ 
capacity, and to arralyze the vmons factors affectrng th,s, 

as the influence of dielectric losses. 

It was, therefore, attempted: 

1. To measure the dielectric losses of cables at drfiere 

■^T^^^ompare cables of various makes andtom dffleren. 
Sr“re11dfo SJat'eSr: pSsii causes of fhia 

""J “Different compounds usedforimpregnating the paper, 

4, Percentage of moisture in ca e, 

5 Thickness of insulation, etc. 

AsseM,^ A 

ment of Sharp Street Station > dimensions of 

conditioiis are fairly ^ It consisted of a nine-hole 

the duct system are shown m §_ , was 48.o 

duct, seven ducts surrounded on sides, top and 

ft. (14.7 m.) long. The duct w ^ 

bottom by sand, which was held m p 
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framework. The ends of the cables outside of the ducts were 
made as short as possible, and were wrapped with sheet asbestos 
and covered with sand, in' order to have these at approximately 
the same temperature as the part of the cables in the ducts. 

Temperature Measurements. As conditions made the use-of 
mercury thermometers impractical in the ducts, we used a 
differential galvanometer-type thermometer with temperature 
coils, twenty-seven coils in all being used, each duct containing 
three coils. As it was important that these temperature coils 
touch neither the duct nor the cable, they were mounted in a 



NOTE: 

Specimen Cable No, 9 
Loader Cables No.'s 2,3, 
4,5,6,7. 

No.'s 1,2,3, are single 
section Tile, 

No.’s 4.5,6,7,8,9, 
consist of one 6-Duct Tile. 



CROSS SECTION AT "M-M" 


Fig. 1 —Arrangement of Ducts and Cables in Test 


little wooden cradle. Temperatures of the copper conductors 
and lead sheath were determined by rise of resistance method. 

Cable Connections and Wiring. Cables in ducts numbered 
1, 2, 3, 4, 5 and 6 were all connected in series and carried current 
only. Cable in duct number 9 carried both current and poten¬ 
tial, this being the specimen cable; the different specimens were 
tried in this duct, the same cable, of course, being used in the 
other ducts through the test. 

Fig. 2 shows the wiring diagram. 

Application of Current and Potential. Three-phase current 
and voltage was applied to the specimen cable. Each phase 
was short-circuited on itself through current transformers run 
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inverted, and excited from the 5-ampere side; separate current 
transformers were used to measure the current. High voltage 
was obtained by using three potential transformers inverted, 
rated at 200 watts each, 13,200/110 volts; primary and secondary 
windings were both connected in star. The neutral of the high 
tension was grounded and connected to the sheathing; conse¬ 
quently, the dielectric strains and losses corresponded with 
those which occur under practical operating conditions. The 
dielectric- losses were determined by measuring with an ordinary 
wattmeter the input of the potential transformers on the low- 
voltage side, and subtracting from this the input with the high- 



tension cable disconnected, and also the copper losses in the 
potential transformers, which could be readily calculated. The 
heater cables carried current only. 

Potheads. Standard potheads were used on the cable. In 
order to, correct for the dielectric losses occurring in these, a 
special test was conducted on a very short piece of cable with two 
potheads; this test proved these losses to be practically negligible, 
at least for temperatures not exceeding the actual pothead tem¬ 
peratures occurring during the main test. 

Procedure of Tests. Some runs were made with C‘^R losses 
present ohly, that is, with current only applied. 

Dielectric runs were made with current on all cables, and high- 
tension voltage applied to the specimen cable. Practical condi- 
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tions precluded the application of potential to the heater cables, 
but the lack of these dielectric losses was compensated for as 
follows: Starting with current in the heater cables of the same 
value as in the specimen, dielectric loss of specimen cable was 
measured when constant temperatures were reached. The cur¬ 
rent in the heater cables was then increased so that the increased 
loss equalled the dielectric loss of the specimen cable. This 
process was repeated until stable conditions were obtained. On 
account of the lagging effect of the duct line it was often neces¬ 
sary to continue each test a number of days in order to reach 
constant conditions. 

Results 

Specimen Cables. Tests were made in all, on four different 
specimens of cable from three different manufacturers; all of 
them were three-conductor, No. 4/0 paper-insulated copper 
cable; the insulation was distributed as follows: 

Specimen A—6/32 in. by 6/32 in. (4.7 mm. by 4.7 mm.) 

^ , B—8/32 in. by 2/32 in. (6.3 mm.' by 1.5 mm.)' 

C—6/32 in. by 6/32 in. 

" D—8/32 in. by 2/32 in. 

Dielectric Losses. The curves shown in Fig. 3 show the dielec¬ 
tric losses for these cables expressed in watts lost per foot of 
cable and- plotted against the temperature of the copper con¬ 
ductors. These curves show the marked effect of temperature 
on the dielectric losses. At low temperatures corresponding to a 
cold condition of the cables, the losses are low, and about the 
same for all the specimens, while at higher temperatures the 
dielectric losses run up rapidly in all cables except specimen D. 

These curves show specimen D cable to be much superior in 
this respect to the others, the. dielectric losses being very much 
lower at high temperatures than the others, and the rate of in¬ 
crease smaller. This rate of increase is important, as it effects 
the final temperatures, due to the cumulative effect as brought 
out later on. 

Thickness of Insulation. Specimen B—8/32 in. by 2/32 in., 
(6.3 mm. by 1.5 mm.) shows up better than specimen A. This 
may be due to the greater thickness of insulation between con¬ 
ductors, since both samples are of the same make and otherwise 
supposed to be alike. However, it will be noticed that specimen 
C, which is 6/32 in. by 6/32 in. (4.7 mm. by 4.7 mm.), and of 
another make shows up slightly better than specimen B, 8/32 in, 
by 2/32 in. (6.3 mm. by 1.5 mm.). 
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Material of Cables. This markedly superior performance of 
specimen D shows that there must be some radical differences in 
material. Samples about-10 in. (25.4 cm.) long were cut from 
the specimens and sent to a chemist for analysis. The analysis 
showed that in specimens A, B and C, a rosin-oil base is used for 
impregnating the paper, whereas in specimen D, a mineral-oil 
base is used. Puncture tests made by us on these oils showed 
but little difference in dielectric strength at high and low tem¬ 
peratures for the mineral oil, whereas in the case of rosin oils the 
strength decreased greatly with increased temperatures. 

The difference in impregna¬ 
ting compound we believe is, 
therefore, the greatest cause pro¬ 
ducing the marked difference in 
performance, . 

Analysis for moisture was 
made also on 5 in. (12.7 cm.) 
pieces of the specimen cables. 
Specimens A, B and C using 
rosin-oil compound showed 
the same relative order of 
moisture as dielectric losses. 
Specimen D showed a high 
percentage of moisture, and 
yet has the lowest dielectric 
losses; this fact can only be 
taken as a proof that the 
nature of the compound, 
which here is a mineral oil, has 
a greater influence than the 
per cent moisture. 

Relative Temperatures. The test on the Sharp Street duct line 
shows comparatively small differences between copper, lead and 
duct temperatures, under constant conditions. In the run made 
on specimen D cable with 175 amperes on the heater and speci¬ 
men, and 13,200 volts on the specimen, the total watts lost per 
foot on the specimen was, for instance, 6.5 watts and the tem¬ 


perature as follows: 

Copper Temperature.89 deg. cent. 

Lead.86 deg. cent. 

Duct.82 deg. cent. 

-Room. 20 deg. cent. 



Fig. 3—Dielectric Losses in 
Watts Per Foot Length of Cable 
AS Depending on the Temperature 
OF THE Conductors 
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The reason for the close proximity of these temperatures to 
each other in spite of the high rise above the room temperature 
is essentially the fact, that the main temperature rise in our cage 



Fig. 4—Curves Showing Relation of C^R and Dielectric Losses 
IN Specimen A in Sharp Street Test 

took place in the dry sand surrounding the duct line and that 
this rise was secured by moderate loads on the cables. This 
condition imitates very well actual duct conditions where ducts 
pass under streets through dry soil or ashes. 



Fig. 5—Curves Showing Relation of OR and Dielectric Losses 
IN Specimen D in Sharp Street Test 

Relative Losses, A comparison of QR and dielectric losses 
can only be made for specific cases, as the C^R losses depend 
mainly on current carried, and slightly on temperature, and the 
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dielectric losses 

dielectric losses for a ““'“dr'SorSTelS 

ture. Curves shown ^ f _+:+„+p the two extreme cases of the 

specimens A and D, w ^ ^ tOO amperes produced no 

tL. The -»fiXes" aft?e specitnens had a ~ 

excessive temperat the at 100 amperes. Itw 

loss o£ less than 25 per «nt of the € « 

noticed that for ^P«'”“^iwJpe,es, a condition wtach 

np vetP »pidly i„Ll room temp^mr^ 

would‘be more s& -i-hp^ test wa^s ma-de & 



0 WATTS PER FOOT OF DUCT UNt , rincT LiNE 

p.n S-ri.ss.rer™oCo>™o,S.«eS„..r 

temperature go up, ^^jfand^teSerature, this holding 

decreases with increased practical working limits, 

good for a range of temperature would not affect 

Len an increased room (or soil) temp 

this to any great extent. amperes per phase, the 

Heat Dissipating Curve, f can calculate the 

resistance, and the dielectric Ij^^ , ,,rve he- 

total energy lost m the u temperature^ This 

tween watts lost per foot of th constant conditions 

is done in Fig. 6. ^i^ce this cuj dissipated by the duct 

the watts loss are a The curve shows that this 

system at In Fig. 6. this tempera- 

relation is practically 
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ture plotted refers to the air in the duct. Other experiments 
made by the writers proved, that also when we plotted the 
temperature rise of the copper conductor above soil or any one 
of the cables against the watts lost per cable, per foot, the result 
would be a curve very close to a straight line. In the following 
calculations this relation is therefore always taken to be a 
straight line. It is also assumed that the relation is independent 
of whether the heat dissipated is generated in the copper by the 
current or in the insulation by the voltage. 

Any duct line will of course have its own particular dissipating 
curve. 


Critical Point {Temperature and Current). The effect of dielec¬ 
tric losses on the heating of cables is cumulative, i.e., when a 
cable has reached constant conditions with low-tension currents 
only applied and high voltage is then added, certain definite 
dielectric losses will occur and produce a teniperature increase; 
but, on account of the higher temperature thus reached an 
increase of the original dielectric losses will take place, which 
fact again increases the temperature and so on indefinitely; 
there is, therefore, always a possibility that a critical point may 
e reached where the heat generated in this way is larger than 
the heat that can be carried away; if this point has been reached 
and passed the temperature of the cable will evidently rise in¬ 
definitely until break down occurs and will do so even for a 
constant current load. That such a critical point exists for any 
high-tension cable surrounded by a poor heat conductor has been 
repeatedly pointed out. (See especially the N. E. L. A. Cable 
Report 1913). In our tests we were able to produce this condi¬ 
tion on specimen cables A, B and C, by means of the ^'com¬ 
pensated’’ runs mentioned above. In these runs it was found 
that a point was reached in the loading where it was not any 
longer possible to compensate, as the dielectric losses ran up 
taster than the heat dissipating power of the duct line. In the 
dielectric curves, Pig. 3, the lower points are plotted from values 
measure in the compensated runs; when compensation was no 
longer possible a constant current was maintained on the heater 
cable and the dielectric losses on the specimen cable would then 
gradwUy raise the temperature of this cable until destruction The 
higher points in Fig. 3 are plotted from this last part of each 

Doint ^ determine the critical 

£ fotn7«t h f’"’^tless exists, it would evidently in this case 
deg cent T ^ temperature than reached in our test. (190 
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As it is evident that very unstable and dangerous conditions 
exist in a high-tension duct line, where this critical point has 
been reached and as it will be found in many practical cases, 
that this point, therefore, rather than any special high tempera¬ 
ture, constitutes the danger line for the rating of high-tension 
cables, we have, in'^the following, developed a method for the 
determination of this critical point for any duct line, with uni¬ 
formly loaded cables, and on the whole calculate the tempera¬ 
tures that will be reached for given loads under due regard to 
the dielectric losses. To do this it is necessary to know only 
the following few data, which can be found experimentally. 



Fig. 7—Graphic Determination of the Permissible Current 
AND THE Critical Temperature for a Duct Line, When Its Dissi¬ 
pating Curve B , Its Dielectric Curve yl, and the Soil Temperature 
S ARE Known 

Calculation of the Influence of Dielectric Losses. 1. The 
dielectric characteristics .of the cable, expressed in a dielectric 
curve as for instance those shown on Fig. 3. 

2. The heat characteristics of the duct line and the cable 
expressed by the heat dissipating curve for same. 

3. The soil temperature at a distance sufficiently far away 
from the duct line to be unaffected by the heat produced in the 
duct. 

Let curve A in Fig. 7 represent the dielectric loss curve for the 
cable installed. 

Let curve B represent the dissipating curve for the duct line 
at a given soil temperature S. 
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If we now assume that we have reached constant conditions 
where no heat is used for increasing the temperature of cable and 
duct, the watts dissipated as indicated by curve B are equal to 
the total losses generated which consist of dielectric and 
losses. 

If we therefore deduct the dielectric losses (as shown in curve 
A) from the total losses (curve B ) we get the OR loss. This 
subtraction is done graphically in Fig. 7. The result is curve C 
which represents the copper losses. From this curve we can 
calculate the corresponding current for any number of points 
from the formula 

C = 

Where W = Watts taken from curve C. 

R = the resistance of one conductor (at a temperature 
taken from the corresponding point of curve B). 

In Fig. 7 it is assumed that the soil temperature is a constant 
5. A change in soil temperature which is the base for the duct 
and cable temperatures means a parallel shifting of the dissi¬ 
pating curve and therefore produces an entirely new copper loss 
curve C. 

Determination of the Critical Temperature by Tangent Method, 
It will be seen from Fig. 7 that curve C, which represents the 
copper losses, has a maximum point. This means that for 
temperatures beyond this point, less current can be carried than 
at lower temperatures and if the current is not reduced the 
temperatures will evidently continue to rise indefinitely. This 
point corresponds therefore to the critical point as defined above. 

A glance on the same drawing. Fig. 7, will also show geome¬ 
trically that this maximum ordinate in curve C (copper loss 
curve) is determined by drawing a tangent to the dielectric curve 
parallel with the dissipating curve. In other words if we only 
know these two curves for a given duct line, we can determine 
the critical point by drawing such a tangent; the abscissa to the 
point of tangency will then indicate the critical temperature for 
this particular case.^ Physically one can express the same fact 
by saying that at this point the rate of increase in the dissipating 
power of the duct line equals the corresponding rate of increase 
m the dielectric losses generated (curve A), while beyond this 

point the latter rate will be the larger; hence the unstable condi¬ 
tion. 
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cables of which thirteen are operated at 13; 000 volts and one at 
4000 volts. All of them are number 0000 copper cable, three- 
phase, lead-covered, and with an insulation 6/32 in. by 6/32 in. 
(4.7 mm. by 4.7 mm.). 

For this duct line the dissipating curve was calculated from 
the known load, the dielectric characteristics of the cable and a 
large amount of measurements of the copper, duct and soil 
temperature at the very hottest sections of the line. 

In Fig. 9 this dissipating curve is shown as It should be 
understood that in this case it is calculated so as to represent 
temperature rise of the copper of the hottest cable above the 
soil surrounding the duct line. 
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Fig. 8—Section Through 
Pjvyette Street Duct Line 



CENTIGRADE DEGREES RISE 
ALSO COPPER TEMPERATURE 

Pig. 9—Dissipating Curves for 
Various Duct Lines 


By means of this dissipating curve and the dielectric curve 
we can now calculate the final copper temperatures for various 
loads and soil temperatures by means of the procedure described 
above. 

A number of such calculations has been made and the results 
shown in Fig, 10 for initial soil temperatures of 0, 10, 20, 30 and 
40 deg. cent. 

It will be seen that at about 65 deg. cent, the curve starts 
bending backwards; this is therefore the critical point for this 
particular duct line. 

In order to play safe it is evident that the average temperature 
on a steady load run should never be allowed to reach this critical 
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point. Let us assume that 10 deg. cent, below this point, i. 
a final copper temperature of 55 deg. cent., is the highest tem¬ 
perature we will permit. It is then evident that the curves in 
10 give us a cable rating as depending on the soil tempera¬ 
ture. This rating is shown in Fig. 11 (curve marked specimen 
C). As abscissas are used the initial soil temperatures in 0 deg. 
cent., while as ordinates are used both amperes, i- 6 ., continuous 
carrying capacity and also the kw-hr. output per day, corres- 
ponding to such a continuous load at power factor of 1. From 
this curve it may be noted, for instance, that at freezing tempera¬ 
ture of the soil, the cables can carry safely 106 amperes con- 
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losses increase so very much slower with increasing temperature 
than they do on the other specimens, it was found, however, 
that the critical point would not be reached before the copper 
temperature was 160 deg. cent. Hence the rating of this cable 
would not be limited at all by the critical temperature of the 
duct line, but would rather depend on whatever temperature 
could be considered safe for the insulation itself. If we follow 
the A. I. E. E. Rules laid down in section 677 and adopt 72 deg. 
cent, as a safe temperature for this cable, we get the rating shown 
by curve A, Fig. 11. As it is probable that the temperature 
limits set by the Institute Rules in its section 677, are made so 



Fig. 11—Curves Showing How the Soil Temperature Affects 
Cable Rating in Fayette Street Duct Line for Cables of Various 
Dielectric Characteristics 


low on account of a vague fear of reaching a critical temperature 
for the cables and as it has been shown that for specimen D 
cable, no such fear need be entertained, it would, perhaps, seem 
more reasonable to use as a permissible temperature for this 
cable the figure (105 deg. cent.) given in the A. 1. E. E. Rules, 
section 377 for Class A insulation. Corresponding to this we 
get curve B, Fig. 11. 

A comparison of all these curves shown on Fig. 11 gives a very 
cle^r impression of the extreme limitation the .dielectric losses 
may put on cable ratings, especially in,hot summer weather. 
As an illustration let us consider a summer condition with a soil 
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temperature of 21 deg. cent. (At the average depth of the duct 
line.) 

To this corresponds the following ratings: 

Specimen A 38 amperes 21,000 kw-hr. per day 
« B 65 “ 36,000 “ “ “ “ 

« C 72 “ 40,000 “ “ “ “ 

« D 127 “ 71,000 “ “ “ “ 

Or a rating more than three times greater for specimen D than 
-for A. ' 

In winter time, of course, more load can be carried on all 
types of cables, but the difference in rating is less striking. 

A number of other practical cases with the number of cables 
in a duct line varying from 2 to 12 were also calculated. With 
dielectric curves of the characteristics found for specimens A, B 
and C the critical temperature varied from 50 deg. to 90 deg. 

In view of these facts it seems reasonable to propose, 

1, That high-tension cables always should be purchased 
under certain guarantees as to dielectric losses at various tem¬ 
peratures. 

2. That for determining the load carrying capacity of a given 
high-tension duct line the critical temperature should be inves¬ 
tigated and the rating made so that the highest copper tempera¬ 
ture (under steady load conditions) always would remain a 
definite number of degrees centigrade (say 10 deg. cent.) below 
this point. If the critical temperature on the other hand is 
found to lie so high that temperatures lower than this may be 
destructive to the installation these naturally would govern; 
but in such a case the same temperature should be considered 
permissible for high-tension cable as for a low-tension cable. 

In this paper only constant load conditions have been consid¬ 
ered. 

The above investigation has been conducted under the auspices 
of the Consolidated Gas, Electric Light and Power Co., of Balti¬ 
more and the Pennsylvania Water and Power Co. 
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INSULATION CHARACTERISTICS OF HIGH-VOLTAGE 

CABLES 


BY W. S. CLARK AND G. B. SHANKLIN 


Abstract of Paper 

The insulation characteristics of different types of single- and 
three-conductor cable, determined largely by dielectric energy 
loss measurements, are discussed in detail. Particular attention 
is given to paper insulated cable, both new cable and cable that 
has been in service being considered. Varnished cambric and 
different grades of rubber insulation, as well as cable compounds 
are also dealt with briefly. 


T he experience of operating companies here in America over 
a period of years shows that practically all failures on 
high-voltage underground cable systems can be attributed to 
heating. The cable line on which failure occurs is usually not 
heated over its whole length to a dangerous temperature, but 
only at certain points, generally known as ‘'hot spots.” 

The “hot spot” temperature plays an importaW part in all 
sections of an electrical system, but in no part of a system is it 
so much the limiting feature as in the underground cables, and 
in consequence, in no other part of the system does dielectric 
energy loss at normal frequency and voltage play such a pre¬ 
dominating part. This is so because of the rapid rise of dielec¬ 
tric loss with temperature and its cumulative tendency at high 
temperature. 

Discussion of Dielectric Energy Loss Measurements 
The purpose of this paper is to show the value of dielectric 
energy loss measurements in studying cable designs and as an 
assistance to the manufacturers and users of cable. To obtain 
the greatest usefulness, the study of energy loss should, of 
course, be paralleled with other tests and observations, and this 
we have attempted to do. 

These data were taken with the object of representing opera¬ 
ting conditions as closely as possible. A constant frequency of 
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60 cycles was used throughout. There are so many variables to 
be considered that it requires numerous data to include them all, 
and this complicates things quite enough without bringing in 
frequency variations. In every case the voltage range used 
gives readings well above and below the operating voltage of 
the sample. 

In duct operation, the copper temperature is only a few de¬ 
grees higher than that of the lead sheath and the temperature is 
graded through the thickness of insulation. It is not desirable 
to represent this condition in the laboratory, even if it were pos¬ 
sible^ to do so with any degree of accuracy. The temperature 
gradient would not be the same in samples of different cross sec¬ 
tions and the measurements on these would not be comparable. 
A very complicated variable is eliminated by heating the cross 
section to a uniform temperature. This represents conduit con¬ 
ditions fairly closely. The greatest loss per cm^ occurs in the 
insulation next to the conductor, where the stress is greatest, 
and the increase brought in by having the outer wrappings at 
a slightly higher temperature than they would be in the ducts 
IS not important. At any rate the losses measured are on the 
safe side, that is, higher than would occur in operation. 


METHOD OP Test 

The readings were taken by the "compensated dynamometer 
described in an article published last 
oil pnncipje of this method is simply a correction of 

an pWangle errors by reference to a stan7ard hiStvXge 

noXt Tt, “aT “ "«“eible phase difference froL 

yu deg^ The possible errors that can be introduced and checks 

nf«n tte accnra^ „f the nrethod are discnssed in de.s^Hn the 
nse''dSrateT transformer were 

importtothorver" 

affect eneray loss ''iwable limits does not 

Oct. 1916 . ^ Shankhn, General Electric Review, 

by dTb™. iSilt Vol: W.™"" 
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Paper-Insulated Cable 

It is an interesting fact that paper-insulated cable, the most 
generally used of all types of cable, is susceptible to the widest 
variation in its insulation characteristics. The reason is not 
hard to find but it is hard to put on paper in condensed form. 

In practically all of the standard types of impregnated or 
treated fibrous insulations, with the exception of paper cable 
insulation, treatment is given after it is thoroughly filled to 
render the filler solid and firmly ^'set.” This is called ^huring’’ 
and it is well known that a cured insulation is more stable and 
uniform than an ''uncured” one, although it does not necessarily 
have inherently better electrical characteristics. Now, in paper 
insulated cable the filler remains in a semi-liquid or viscous form 
and the material operates throughout its life in an "uncured” or 
*'green” condition. It is not an inert mass but is chemically, 
electrically and physically "alive.” It will not be active in any 
of the above senses if the ingredients and processes are properly 
chosen, still it is "alive” and every detail of its manufacture 
must be carefully watched. 

The paper and jute serve as mechanical spacers and the 
characteristics of the insulation as a whole are determined to a 
great extent by the quality of the filling compound. In making 
this statement it is assumed that the paper, jute and compound 
are initially free of moisture and other conducting impurities. 
In choosing the compound we must not only be sure of its having 
the best insulating properties when first put in the cable but we 
must also be sure that it is chemically stable and that it will not 
react chemically with either the paper, jute or copper under the 
temperature and voltage stress met with during its years of 
operation. 

Tests on Compound 

The 60-cycle dielectric energy loss data on a standard type of 
mineral hydro-carbon base cable compound are given in Table I. 

Space will not allow the presentation of curves showing all the 
different characteristics. They are all interesting and well 
worth studying from the table but only those ctirves will be 
given that bring out particular points of interest. This plan 
will have to be followed throughout the paper. The tables are 
submitted with the readings arranged consecutively in the same 
order in which they were taken. 

Fig. 1 shows the variation of power factor and permittivity 
with temperature. The relative permittivity decreases with 
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temperature and there is a very decided hump in the curve 
between 50 and 75 deg, cent. It is over this range that the com¬ 
pound is gradually changing from a solid to a semi-liquid state, 
with a corresponding expansion of volume and decrease in specific 
gravity. 

The permittivity curve is replotted in Fig. 2 for comparison 
with a corresponding curve of a typical heavy, mineral insulating 


TABLE I. 

MINERAL HYDROCARBON BASE CABLE COMPOUND NO. 1 


Frequency 60 cycles 


Temp, 
deg. cent. 

kv./cm. 

W/cm^ 

10-3 

//cm.2 

io-« 

P.P. 

per cent. 

K 

P 

lO’o 

105 

6.06 

0.776 

0.486 

26.3 

2.322 

4.71 


8.05 

1.410 

0.641 

27.3 

2.295 

4.58 


10.08 

2.260 

0.800 

28.0 

2.283 

4.52 


12.08 

3.280 

0.960 

28.2 

2.280 

4.44 


14.94 

5.040 

1.182 

28.3 

2.284 

4.44 


18.10 

7.520 

1.442 

28.6 

2.292 

4.40 , 

75 

6.06 

0.202 

0.492 

6.75 

2.421 

18.10 


8.05 

0.356 

0.651 

6.74 

2.415 

18.20 


10.08 

0.557 

0.812 

6.86 

2.412 

18.30 


12.08 

0.817 

0.972 

6.95 

2.406 

17.80 


14.94 

1.282 

1.194 

7.08 

2.400 

17.40 


18.10 

1.910 

1.445 

7.27 

2.394 

17.60 

48 

6.06 

0.0410 

0.493 

1.44 

2.436 

90.3 


8.05 

0.0702 

0.652 

1.34 

2.427 

92.4 


10.08 

0.1045 

0.815 

1.27 

2.421 

97.6 


12.08 

0.1532 

0.982 

1.30 

2.412 

94.8 


14.94 

0.2370 

1.195 

1.32 

2.406 

94.2 


18.10 

0.3570 

1.450 

1.35 

2.406 

94.2 

' 32 

6.06 

0 01260 

0.494 

0.422 

2.442 

295 


8.05 

0.01982 

0.653 

0.377 

2.433 

320 


10.08 

0.02916 

0.814 

0.351 

2.430 

335 


12.08 

0.04260 

0.979 

0.359 

2.433 

341 


14.94 

0.06490 

1.212 

0.424 

2.436 

344 


18.10 

0.9460 

1.472 

0.362 « 

2.439 

355 


oil. The permittivity values of the oil were measured at low 
voltage, 750 cycles, by the Anderson bridge method. Fig. 2 
also shows the variation of the specific gravities * of these two 
materials with temperature. It is interesting to note that the 
corresponding values of permittivity and specifi c gravity vary 

* are due Mr. J. Dantsizen who made the specific gravity 

measurements on the compound. 
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in exactly the same way. The gravity curves show that the total 
expansion of the solidifying cable compound is no greater than 
that of an oil which remains liquid over the given range of tem¬ 
perature. 

The effective a-c. resistivity vs. temperature is shown in Fig. 3, 
which also shows the d-c. resistivity measured at low voltage 
under entirely different conditions and several weeks later. 
The corresponding curves for a special grade compound of the 
same type, not included in the tables, are also given in Fig. 3. 



Fig. 1 —Relative Permittivity and Power Factor of Mineral 
Hydrocarbon Base Cable Compound at 16 Rv. Per Cm. 

The relative difference between the two compounds is approxi¬ 
mately the same under the two methods of test, one carefully 
made with elaborate apparatus, and the other, under entirely 
different conditions with comparatively simple apparatus. This 
is important for it supplies an easy way of determimng the value 
of a compound. To appreciate this fully an outline of the two 
tests is given below. 

The a-c measurements were taken between plane disks spaced 
one cm. apart with the edge of the grounded plate protected by a 
guard ring, 1/32 in. (0.794 mm.) spacing between guard nng and 
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plate. The active area was 40 cm. in diameter. Every care was 
taken to. obtain a uniform temperature and shield from all 
sources of exterior loss. 

The d-c. measurements were taken at 500 volts between disks 
5 cm. in diameter and spaced 0.33 cm. apart. No guard rings 
were used and no special precautions were taken to eliminate 
surface leakage. The spacing was accomplished by placing a 
small glass rod 0.33 cm. diameter between the disks. 



Fig. 2 Relative Permittivity and Specific Gravity of a Heavy 
Mineral Insulating Coil and Mineral Hydrocarbon Base 
Cable Compound 


Considering the difference in the methods, the a-c. and d-c. 
readings check quite closely. Theoretically the d-c. resistance 
should be slightly the highest. The tests on compound are 
always started at high temperature so that any moisture that 
may have been absorbed during exposure to air will be expelled. 


biNGLE-CONDUCTOR CabLE 

The data given in this paper have become generally known as 
dielectric energy loss measurements. This is only part of the 
ruth, since all of the electrical constants and characteristics 
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can be calculated for the particular conditions of temperature, 
frequency, etc., under which they are taken. 

The nomenclature and formulas for single-conductor cable as 
used throughout are given in Appendix A. 

Data on Single-Conductor Paper Cable 

Cable No. 1. The data in Table II were taken on a six-ft. 
(1.83-m.) length of single-conductor paper-insulated cable, 



3_Log of Resistance per cm.^ of Two Types of Mineral 

Hydrocarbon Base Cable Compound 


made up special for test and tested a few weeks after being made. 
The data on only one 6-ft. sample are given but three cut from 
the same length of cable, were tested and checked almost exactly. 
The specifications were: 

2/0 stranded conductor, 0.412 in. (10.45 num) m^^ toter. 

■ 9/32-in. (7.144 mm.) paper, vacuum treated and filled with a 

mineral hydrocarbon base cable compound. 

3/32-in. (2.38-mm.) lead sheath. 
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TABLE II. (CABLE NO. 1) 
2/0 single conductor, maximum diameter 0.412 in. 

9/32 in. paper filled with mineral hydrocarbon base compound. 
3/32 in. lead sheath. 

Frequency 60 cycles. 
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TABLE II. (CABLE NO. l)~{ConHmied) 
2/0 single conductor, maximum diameter 0.412 in. 

9/32 in. paper filled with mineral hydrocarbon base compound. 

3/32 in. lead sheath. 

Frequency 60 cycles. _ 


T 

deg. cent 

E 

103 

IF/ft. 

I/ft. 

10-3 

P.P. 

per cent. 

C/ft. 

10-9 

K-av 

Pav 

1010 

50 

6 

0.056 

0.147 

6.35 

0.0650 

3.286 

14.32 


10 

0.158 

0.246 

6.425 

0.0651 

3.300 

14.10 


14 

0.331 

0.3455 

6.84 

0.0655 

3.312 

13.20 


18 

0.592 

0.448 

7.345 

0.0660 

3.340 

12.20 


22 

0.960 

0.557 

7.83 

0.0671 

3.398 

11.24 


26 

1.508 

0.676 

8.59 

0.0692 

3.485 

10.03 

75 

6 

0.238 

0.157 

25.28 

0.0670 

3.40 

3.38 


8 

0.433 

0.209 

25.90 

0.0670 

3.40 

3.32 


10 

0.678 

0.2615 

25.90 

0.0671 

3.404 

3.28 


12 

0.990 

0.3155 

26.12 

0.0673 

3.417 

3.24 


14 

1.367 

0.3715 

26.28 

0.0679 

3.447 

3.20 


16 

1.837 

0.4305 

26.68 

0.687 

3 493 

3.12 


18 

2.410 

0.492 

27.22 

0.0696 

3.540 

3.00 

100 

5 

0.363 

0.164 

45.76 

0.773 

3.920 

1.535 


7 

0.723 

0.230 

45.00 

0.0778 

3.943 

1.512 


10 

1.484 

0.330 

44.85 

0.0783 

3.969 

1.500 


13 

2.510 

0.4323 

44.50 

0.0784 

4.005 

1.500 


1,4 

2.910 

0.468 

44.30 

0.0791 

4.036 

1.500 


15 

3.340 

0.5055 

44.00 

0.0804 

4.07 

1.500 

75 

6 

0.238 

0.1605 

24.72 

0.0688 

3.486 

3.38 


8 

0.428 

0.214 

25.00 

0.0687 

3,485 

3.33 


10 

0.675 

0.2673 

25.25 

0.0686 

3.482 

3.30 


12 

0.980 

0.3215 

25.41 

0.0688 

3.486 

3.27 


14 

1.354 ' 

0.378 

25.60 

0.0692 

3.508 

3.24 


16 

1.820 

I 0.4375 

26.00 

0.0702 

3.553 

3.14 


18 

2.360 

0.500 

26.22 

0.0712 

3.606 

3.06 

50 

6 

0.063 

0.147 

7.15 

0.0650 

3.286 

12.75 


10 

0.185 

0.246 

7.525 

0.0651 

3.300 

12.08 


14 

0.^71 

0.3455 

7.672 

0.0655 

3.312 

11.79 


18 

0.676 

0.448 - 

8.39 

0.0660 

3.340 

10.70 


22 

1.144 

0.557 

9.34 

0.0671 

3.398 

9.44 


26 

1.770 

0.676 

10.06 

0.0692 

3.485 

' 8.55 . 

25 

6 

0.0105 

0.1455 

1.203 

0,0645 

3.257 

76.40 


10 

0.0305 

0.244 

' 1.250 

0.0648 

3.280 

73.00 


14 

0.0725 

0.344 

1.504 

0.0653 

3.300 

60.40 


18 

0.1805 

0.445 

2.255 

0.0651 

3.320 

40.10 


22 

0.3525 

0.548 

2.923 

0.0661 

3.347 

30.60 


26 

0.5825 

0.654 

3.430 

0.0667 

3.377 

25.90 


30 

0.8830 

0.760 

3.877 

0.0672 

3.402 

22.70 
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The length was immersed in an oil bath. In this way the 
temperature could be carefully controlled and leakage losses 
eliminated. 

Starting at 25 deg. cent., readings were taken through two 
complete heat cycles as shown in Table II. The temperature 
at each step was held constant and watt readings taken every 
five minutes until constant, (these readings are not given in the 
table). In this way we were assured of an even temperature 
through the cross section. 

The heat-cycle curves in Figs. 4, 5 and 6 show the variation of 



Fig. 4—Watts per Foot Cable 1 (Paper) at 10 Kv. 

watts, power factor and permittivity with temperature at 10 kv. 
The loss and permittivity are both higher in the second heat 
cycle than in the first at temperatures above 70 deg. cent. We 
can give no clear explanation of this. It is probably due to a 
combination of things such as, a slight temperature lag, physical 
and chemical changes and consequent change in the inherent 
conductivity of the material from the high temperature and 
voltage stress. (The over-voltage was only left on a few seconds, 
while the highest points on the curves were bein^ taken and 
could not have caused an appreciable rise in temperature.) All 
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cable engineers have noted this same characteristic fatigue 
effect in another form when applying a high-potential test to 
lengths of cable. The d-c. resistivity is much lower just after the 



TEMPERATURE DEG. C. 

5_Per cent Power Factor Cable 1 (paper) at 10 kv. 

high potential test, and when this is severe it never regains its 
former value. Middleton and Dawes * gave data on this in a 
paper read before the Institute in 1914, 

S. Evershed * formulated a very interesting theory of moisture 



TEMPERATURE DEG C 

Fig. 6 —Relative Permittivity Cable 1 (Paper) at 10 Kv. 

conduction in capillary passages which could account for the 
“heat cycles" and also the increase of the second cycle at higher 
* Voltage Testing of Cables, by W. I. Middletoa and C. L. Dawes, 

Trans. A. I. E. E., Vol. 33, p. 1185. c -t? i, .4 

* “The Characteristics of Insulation Resistance by S. Evershed, 

Journal I. E. E., Vol. 52, 1914, p. 51. 
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temperatures (both effects must be, in truth, caused by the same 
phenomena). After a careful study of this and many other 
characteristics of insulating materials we are convinced that 
Evershed’s theory does not entirely account for or fit in with the 
things noted and which will be given in this paper. 

Cable manufacturers have paid a great deal of attention to 
moisture and developed very effective ways of eliminating it 
and it does not seem possible that moisture could play an im¬ 
portant part in present day cable insulation as long as the lead 
sheathing remains intact. We have never yet found a case where 
trouble experienced in operation could be attributed to initial 
moisture under the above condition. Moisture is sometimes 
entrapped in cable joints but it does not, as will be shown later, 
(tests on Cable No. 4), travel along the length of cable to a great 
extent. 

The same characteristic “heat cycles” were experienced with 
rubber insulated cable sealed in lead sheathing. There was no 
moisture in this rubber but there was a chemical change due to 
heating during test. It is chemical instability under temperature 
and voltage stress that is the predominating question in present 
day cable insulation problems and not moisture. What is needed 
is working theory of chemical changes and intermolecular phe¬ 
nomena under high temperature and voltage stress. 

The similarity between the watts and permittivity cycles 
(Figs. 4 and 6) is also worthy of note. This same similarity has 
been experienced with rubber, varnished cambric and other 
types of insulation. 

For a long time we were puzzled by the erratic behavior of the 
resistivity vs. voltage curves on paper cable insulation at low 
temperatures. The 25 deg. cent, curves in Fig. 7 illustrate this 
peculiar characteristic. At higher temperatures the curves are 
stable but invariably the room temperature curves behave as 
shown. 

The conclusion was finally reached that this was due to the 
number of times the samples were bent while cold in preparing 
them for test. This bending would tend to slightly distort the 
cross section and cause minute voids or vacuum spaces, which 
would in a short time be filled with gases from volatilization of 
the compound. When the cable is again straightened the gases 
prevent the space being entirely filled up; and, when voltage 
stress is applied and reaches a value sufficiently high these low- 
pressure gases are ionized. 
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Referring to Fig. 7 the 25 deg. cent, curves begin to decrease 
rapidly betWeen 11 and 12 kv.. that is, internal ionization begins 
here. Gradually a point of saturation is reached ^he ene^y 
consumed by ionization approaches more nearly a true ohm 


loss. 

The 50 deg. cent, curves are 
100 deg. cent, curves entirely 
compound alone, Fig. 2, shows 


more stable and the 75 deg. and 
so. The specific gravity of the 
that it expands appreciably with 



+ TVip same thing must occur in cables and the 

temperature. The same tm g temperature increases, 

small spaces are gradually filled up as the te^ 

with a “ Z S inhaent loss in tho 

Slight ionization at 50 .^eg. cem^ expansion of the 

material, itself, predominates. A g almost 

compound has probably reduced these au f 

infinitesimal size, and in additmn, the 
high that ionization is practically eliminated. 
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A test made later on the sample previously discussed shows the 
effects of bending paper cable to small radii while cold. Curve A 
in Fig. 8 was taken at 24 deg. cent, under the same conditions as 
the 25 deg. cent, curves in Fig. 7, that is, with the length bent 
U-shape to a radius of 9 in. (22.8 cm.) The length was then 
wound into a coil having a diameter of 4 in. (10.16 cm.) Curve 
5 in Fig. 8 show^s that considerably more energy was consumed 
ionization and there must, therefore, have been more space 
to be ionized. It is interesting to note that ionization began at 
the same voltage in both cases. 


An unfilled sample length of cable was made up and the 
effects of internal ionization 
studied more closely. This 2 
will be discussed later. f 

We have never discovered 8 
a case where trouble in op- g 
eration could be attributed ^ 
to this low temperature x 
characteristic. Cables used | 
in installation work [are S 
handled more carefully than 5 
the test samples were and in & 
addition there is little likeli¬ 
hood of continuous internal 
ionization under operating Fig. 8—Effect of Bending on 
conditions. The total length Internal Ionization at 24 Deg. 
of time a cable is operated A—Bent to Large Radius.’ 

cold is only a small per ^ Radius 
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cent of Its total life and even when the conditions are favorable 
It IS only in cables of small conductor diameter or very high-volt- 
ap rating that internal ionization is probable at normal opera- 
mg voltage. That this ionization must be of a weak nature is 
emdent by the extremely small loss at 25 deg. cent The same 
effect has been studied in highly stressed armature coils over 
_ ng periods of time and it is surprising how little damage internal 


Here also, Evershed’s moisture theory could be made to anol,. 
»<i evea better than in the cate of the -heal oycTe^ Trjl 
deg. cent, effective a-c. resistivity curves in FirTh.. , 

the same characteristic shape as the d-c resistivftv ci, 
in his nanor u j. ^ resistivity curves given 

paper. But, Evershed’s measurements were taken on 
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materials exposed to air and known to contain appreciable 
amounts of moisture. The typical d-c. moisture curve drops 
rapidly from the start and the saturation point is reached at com¬ 
paratively low-voltage stress, while the a-c. resistivity curve on 
''dry” materials, that is, materials reasonably free of moisture, 
do not begin to drop until the materials are well stressed. As the 
paper progresses other points will be brought out confirming the 
conclusion that internal ionization accounts for the peculiar 
shape of these curves. 

The rapid decrease in effective resistance and corresponding 
increase in watts loss with increasing temperature as shown in 
Figs. 4 and 7 is not due to secondary effects such as moisture 
or internal ionization of entrapped gases, but is inherent in the 
material itself and is probably some sort of ionic conduction, 
with consequent change in the chemical structure. We would 
naturally expect, then, that the material with the highest effec¬ 
tive a-c. resistance at high temperature would be the least liable 
to deterioration at "hot spots” in a line and is therefore the 
most desirable one to use. 

' The power factor at 100 deg. cent, in Fig. 5 is 45 per cent, 
much higher than any measured on samples of three-conductor 
cable in which the same materials are used. In looking into this 
it was found that in making up the short length (30 ft. or 9.1 m.) 
for test purposes the regular process was not followed as closely 
as it should have been. The table and curves are given, however, 
because they are complete and bring out a number of interesting 
points. Another test length was made up under more favorable 
conditions and the readings on this are given below. 

Cable No. 2. Three samples were cut from the second special 
length of cable. The readings on these checked very closely and 
only one will be considered. This same plan was followed 
throughout in testing lengths of new cable, the samples always 
checking within three or four per cent. Cable No. 2 was similar 
in every respect to cable No: 1, except that care was taken to 
represent the regular three-conductor process more closely. 

Only one heat cycle was taken and the values are given in 
Table III. The resistivity vs. voltage curves are given in Fig. 9. 
The same characteristics drop in resistivity noted in Cable No. 1 
is again in evidence, starting at 12 kv. and reaching saturation 
at about 26 kv. The resistivity is much higher than that of 
cable No. 1 and the power factor lower. At 100 deg. cent., as 
shown in Fig. 10, the power factor is 13.4 per cent and this 
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O , table III. (CABLE NO. 2) 

Q maximum diameter 0.412 in. 


22 


51 


100 


73 


52 


21 


E 

2ent 103 

W / ft . 

//ft, 

10-3 

6.06 

0.0040 

0.132 

s.'o's 

0.00711 

0.176 

10.00 

0.0110 

0.2155 

15.20 

0.0349 

0.329 

18.10 

0.0832 

0.392 

21.00 

0.1970 

0.456 

25.95 

0.6420 

0.582 

6.06 

0.0162 

• 0.136 

8.08 

0.0205 

0.178 

10.00 

0.0320 

0.220 

15.20 

0.0975 

0.336 

18.10 

0.1850 

0.397 

21.00 

0 3380 

0.462 

25.95 

0 8740 

0.590 

5 4.34 

0.0241 

0.093 

6.06* 

■ 0.0480 

0.132 

8.08 

0.0852 

0.175 

10.00 

0.1340 

0.214 

12.10 

0.1926 

0.258 

15.20 

0.3280 

0.325 

18.10 

0.5200 

0.387 

4.34 

0.0568 

0.097 

6.06 

0.1094 

0.138 

8.08 

0.1960 

0.182 

10.00 • 

0.303 

0.2255 

12.10 

0.447 

0.272 

. 15.20 

0.720 

0.342 

18.10 

1.116 

0.408 

4.34 

0.0254 

0.095 

6.06 

0.0499 

0.136 

8.08 

-0.0886 

0.177 

. 10.00 

0.136 

0.220 

12.10 

0.1990 

0.267 

15.20 

0.3340 

0.336 

18.10 

. 0,5540 

0.400 

6.06 

0,02135 

0.137 , 

8.08 

0.0410 

0.181 

10.00 

' 0.0600 

0.224 

15.20 

0.1520 

0.339 

18.10 

0.2684 

0.405 

2r.oo 

0.4580 

0.468 

25.95 

1.024 . 

0.594 

* 6.06 

0.00497 ( 

0.135 i 

. 8.08 

0.00882 ( 

0.179 ( 

10.00 

0.0139 ( 

0.219 ( 

15.20 

0.0425 ( 

0.334 ( 

. 18.10 

0.0906 ( 

0.397 1 

21.00 

0.203 0.462 s 

25.95 1 

0.692 1 C 

).590 1 4 


P.P. 
per cent 


0.505 

0.500 

0.520 

0.696 

1.172 

2.050 

4.240 

1.409 

1.426 

1.454 

1.910 

2.575 

3.480 

5.700 

6.36 ' 
5.92 
5.80 
5.94 
6.10 
6.64 
7.41 

13.78 
13.60 

13.50 
13.41 
13.60 

14.20 
15.10 

6.16 

6.14 

6.20 
6.22 
6.38 

6.78 

7.50 

2.57 

2.81 

2.78 
2.95 
3.55 
'4.66 
6.65 


C/ft. 

10-9 


0.0577 

0.0578 

0.0577 

0.0575 

0.0575’ 

0.0576 

0.595 

0.0584 

0.0586 

0.0590 

0.0586 

0.0581 

0.0581 ^ 

0.0625 

0.0567 

0.0569 

0.0568 

0.0565 

0.0564 

0.05645 

0.05645 

0.0589 
0.0590 
0.0591 
0.0591 
0.0591 
. 0.0591 
0.593 

0.0580 

0.0581 

0.0581 

0.0584 

0,0584 

0.0584 

0.0585 

0.0594 
0.0594 
0.0594 
0.0592 




2.910 

2.915 

2.910 

2.895 

2.895 

2.900 

2.995 

2.940 
2.955 
2;'969 
2.955 

2.930 

2.930 
3.155 

2.860 
2.868 ■ 
2.862 
2.852 
2.840 
2.845 
2.845 

2.970 

2.978 

2.980 

2.980 

2.980 

2.980 

2.985 

2.925 

2,930 

2.932 

2.940 

2.940 

2.940 

2.950 

2.995 

2.995 

2.994 

2.980 


0.0594 

2.995 

0.592 

2.980 

0.0605 

3.050 

0,0577 

2.912 

0.0580 

2.922 

0.0580 

2.920 

0.0580 

2.920 

0.0581 

2.925 

0.0581 
0.0604 

2.925 

3.040 


fiav. 

1010 


205.6 

205.2 

202.5 

147.0 

87.5 

49.8 

23.3 

70.05 
71.0 
‘ 69.'7 
52.-20 

39.40 
29.10 ' 
17.12 ' 

16.90 
16; 82 
16.74 
'16.60 
16.90 

15.70 
14.00 

7.54 
’ 7.46 

7.40 
7.35 
7.29 
7.13 

6.54 

16.50 

16.46 

16.40 
16.36 
16.32 

15.40 

13.19 

38.20 • 

37.40 

36.70 

33.70 

27.20 
21.50 
14.60 

164.0 

165.0 

160.5 
121.1 

80.5 

48.5 

21.6 
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corresponds with measurements on samples of similar three- 
conductor cable. We can give no explanation for the pectdiar 
behavior of the permittivity curves in Fig. 10. This is the only 



9—Specific Resistivity (Effective) Cable 2 (Paper) 


length of cable that showed a decrease of permittivity with tem¬ 
perature. 

Although the high temperature losses and power factors are 
representative of the materials and process used in making three- 
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Fig. 


10-POWER Factor and Relative Permittivity Cable 3 
(Paper) at 10 Kv. 

conductor cables, the low-temperature characterijics not 
and indicate that this sample length was not si^cien y 
filled with compound. This will be brought out more clearly 

as the paper progresses. 
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Three-Conductor Cable 

It IS difficult to measure three-phase dielectric losses in short 
samples with a reasonable degree of accuracy, and elaborate 
corrections are necessary. For this reason the measurements 
on three-conductor cable were taken single-phase. Three-phase 
values can be approximated from single-phase readings 

Fig 11 is a cross-sectional sketch of a three-conductor cable 

and also shows the equivalent dielectric circuit. It is assumed 
that 

fi — — rs, = ^ 5 , = ^ 6 , Cl — cz and q = ^5 = cz 

By applying single-phase voltage to all three conductors and 
pounding the lead sheath through the instrument, readings can 
be taken from which n and can be calculated as shown in 
Appendix B. In the next set of readings voltage is applied to 



Fig. 11 


T Te conductors B and Care connected to the 

ead sheath From these readings and ^4 can be determined. 

LlatPd“M three-phase values can be cal- 

cffiated. The nomenclature and fomulas are all given in Appen- 

Data on Three-Conductor Paper Cable 

Cable No. 3. This length was cut from an unused reel and was 
never in service. Specifications are given below: 

'iiameter 0.412 in. (10.45 mm.) 
y/ 6 ^-m. (7.14 mm.) paper on each conductor. 

7/32-in. (5.5 mm.) paper over-all. 

Pilled with a mineral hydrocarbon base compound. 
l/S-in. (3.1 mm.) lead sheath. 

The test samples each had an active length of lead sheath of 
ft. (2.7 m.) bent into a half circle with the spread ends 




1917] 


INSULATION CHARACTERISTICS 


465 


properly sealed and immersed in crocks of oil. The whole was 
placed in a large electrically heated oven. 

To be sure that no error was introduced by ‘‘end effects” and 
exterior sources of loss a 20 -ft. ( 6 . 1 -m.) length was first tested at 
28 deg. cent, and then cut into 9-ft- (2.6-m.) lengths. The watt 
readings per foot on the two halves checked within 1.0 per cent 
of those on the total length. 

It required such a long time to reach uniform temperature at 
each step, (4 to 5 hours, whereas it only required one-half hour 
in the case of single-conductor cable immersed in oil), that a 
complete heat cycle was not taken but only steps of 28, 48, 74 
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Fig 12—Watts per Foot and Power Factor Cable 3 (Paper) 
AT 25 Kv.—N ew Cable, Never in Service 


and 98 deg. cent. The calculated single- and 
are given in Table IV. Fig. 12 shows the total calcu ated three- 
phase watts (W^) and three-phase power factor (cos ) for 
different temperatures at 25 kv. The corresponding sinje- 
phase measurements {W, and cos 6,), taken by app^nng hi h 
voltage to one conductor and connecting the other two to lead 

sheath, are also given. tLorA k a close 

Cos d^ and cos 02 agree almost exactly, ' 

comparison between Ws, and IT 2 . For samples havi^ tte s^ 
thicknesses of conductors and jacket insulation, 
w":bably not check so closely bn. 

good agreement between cos m cos ^^aiod 

factor readings is sufdcient) m fact, it is t y P 




TABLE IV. (CABLE NO. 3) NEVER IN SERVICE 
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of comparing a number of three-conductor samples hav’ g 

different cross-sectional dimensions. ^ +.• fnn 

The three-phase calculations in Table IV require en y 
Jch W so the “two conductor to lead sheath .’ con^e^n 
(W 2 , cos 62 , etc.) was adopted as a standard in testing 

three-conductor samples. . , „ „ 4. 

The 98 deg. cent, power factor, Fig. 12, is 16.7 per cen 
that of cable No. 2, made up by the same process is 1 . P 
This is a very fair agreement when it is considere 
single- and the other three-conductor, and that they represent 

that a single-conductor cable w^Mh-a 
slightly lower power factor than a similar ® ^ _ 

cable. Referring to Fig. 13 and assuming ^ 

£ impressed between conductor A and the 
£ and C, which are grounded to the lead 
at points 2 and 3 would be 0.5 E. Jhe Potential at ^ 
would be a little above ground, say 0.1 £, ^ es 

between 2-1 and 3-1 would be 0.4 E. This f 

a leakage or equalizing current to flow along sm t 

the paper and jute filler, and thereby a s 0 mild be de- 

^ value of the excess loss would be de 

termined by the value of the effective 
a-c. resistance in the surface leakage 
path. If this is very high, the excess 
loss will be only a small part of the 
total, but if it is comparatively low, 
this loss may be an appreciable part. 
It is important then, that materials 
be used here that have the highest 
Fig. 13—Cross Section , “surface resistance,” especi- 

OE Three-Conouctor Cbee P-ible^.^^ ,,^peratures. 

Three-phase tangential stress between f t 

is higher than single-phase, -^^PP^T^iVbtS'tt center of a 

the three-phase line voltage be £^^ t potential and the 

symmetrical arrangement, will be ^ ^ j r will be 

potential between this point and conductor A B and C w^h be 
L / VT. An electrostatic polyphase field 
point 4 and M. fonhstad “ h» sho^ 
assuming the surface resistance ^ ; g_ „ 

potential.between the points 1,2 and is ._- ^ - - . -—r—_ 

■*'“Three-Core Cables” by M. 
schrift, Heft 47, 1915. Abstract in the London E 
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The actual three-phase loss will, therefore, be higher than the 
calculated loss in Table IV (depending upon the value of surface 
resistance), since the stress between 2-1 and 3-1 will be about 
twice as great. 

These tangential stresses, occurring as they do in the hottest 
part of the cross section are a weak point in three-conductor 
cable design and will probably be the limiting feature of the 
maximum voltage rating that will be reached in the future. 

At present 25,000-volt, grounded F, is about the highest 
rating here in America, where conduit transmission is used. 
In Germany a 30,000-volt system has been installed. *, and one 
in England, rated at 33,000 volts, f These two systems, however. 



KILOVOLTS-ExlO^ 

Pig. 14—Total Effective Resistivity per Foot Cable 3 (Paper) 

make use of buried cable and operate at relatively low tem¬ 
peratures. 

That the present maximum voltage rating for three-conductor 
paper-insulated cable in conduits is reliable under reasonable 
conditions is shown by the experience of one of the operating 
companies. They have lines rated at 24,000 volts, grounded F, 
that have been in service continuously for five years and no 
more trouble has been experienced with these than with lower 
voltage lines in the same system. 

* ‘*30,000-Volt, Three-Phase Cable System, Berlin” by W. Pfatmkuch, 
E. T. Z., Vol. 33, 1912, ^ " 

t “Recent Practise in the Manufacture, Laying and Jointing of 33,000- 
Volt, Three-Phase, Underground Cable” by C. Beaver, London Electri¬ 
cian, June 23, 1916. 
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A sample length, cut from one of their lines was obtained and 
the tests on this are discussed under the following heading 

Cable No. 4. 

Length of sample, 22 ft. (6.7 m.) 

1/0 three-conductor. 

9/32-in. (7.1 mm.) paper on each conductor. 

7/32-in. (5.5 mm.) paper over-all. 

Pilled with mineral hydrocarbon base compound. 

1/8-in. (3.1 mm.) lead sheath. 

In service approximately five years at 24,000 volts. 

When preparing this length for test we found that only one 
end was sealed up. It had evidently been cut from a longer 
length which was properly sealed when taken from the line and 
through an oversight, sealing of the sample ornitted._ The reel 
on which this sample was wound had lam out doors m he ram 
and snow for four weeks after receiving and it was feared that 

moisture absorption had spoiled it. althmiffh 

Energy loss measurements showed, however,_ that although 

this sample had absorbed a slight amount ot raoisture it did no 

alTcct the insulation charactenstics to ^ ^ 

whole length was first tested at 24 deg. • - , 

J tL su» of .he loss 

small for the half towards the sealed 

The singleThase mer^4o^^datao^^^^ 
end are given in Table V. g 25-kv. 

and power factor with it is 26.3 per 

power factor is 2.3 per cen factors for new cable of the 

cent. The corresponding power factorsjor^^ 

same kind are 1.9 per “ J^amhes, and any slight amount 
for possible variation m exposure, this is 

of moisture that may experience, 

a. good agreement, and togther wkh tk 

shows that the tests were completed Cable 

ciable extent, if at all. „„amined It was found to be in 

No. 4 was cut open and closely exammea. 

good condition. . internal ioniza- 

The tiie 24 deg. cent, curve, and there 

tion begins at about 2U k 
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is also a slight break in the 51 deg. cent, curve. The correspond¬ 
ing low temperature (28 deg. cent.) curve of Cable No. 3 (Fig. 14) 
shows ionization starting at the same voltage, but at 48 deg. 


TABLE V. (CABLE NO. 4) IN SERVICE 5 YEARS. 
Specifications same as for Cable No. 3 with exception that conductors were 1 /O, 
Frequency 60 cycles. 


T 

deg. cent. 


24 


51 


74 


77 


101 


E 


/2 

P.F. 

103 


10-3 

per cent. 

10.08 

0.0238 

0,1420 

1.66 

12.92 

0.0386 

0.1786 

1.678 

15.80 

0.0584 

0.2170 

1.705 

18.10 

0.0771 

0.2480 

1.720 

23.10 

0.1450 

0,3140 

1.999 

25.00 

0.1850 

0.339 

2.200 

30.00 

0.3230 

0.4040 

2.670 

10.08 

0.1103 

0.1462 

7.51 

12.92 

0.1820 

0.1859 

7.57 

15.80 

0.2700 

0.2270 

7.46 

18.10 

0.3600 

0.2615 

7.63 

23.10 

0.5940 

0.3300 

7.76 

25.00 

0.728 

0.3560 

8.15 

30.00 

1.129 

0.4280 

8.77 

10.08 

0.202 

0.1512 

13.26 

12.92 

0.334 

0.1930 

13.39 

15.80 

0.496 

0.2340 

13.45 

18.10 

0.655 

0.2640 

13.52 

23.10 

1.063 

0.3370 

13.70 

25.00 

1.287 

0.3670 

14.20 

30.00 

1.970 

0.4370 

15.00 

10.08 

0.219 

0.1512 

14.37 

12.92 

0.356 

0.1930 

14.26 

15.80 

0.528 

0.2350 

14.31 

18.10 

0.704 

0.2670 

14.55 

23.10 

1.143 

0.3380 

14.69 

25.00 

1.400 

0.3680 

15.18 

30.00 

2.110 

0.4400 

15.92 

10.08 

0.463 

0.162 

28.4 

12.92 

0.740 

0.204 

28.1 

15.80 

1.079 

0.248 

27.5 

18.10 

1.400 

0.283 

27.3 

23.10 

2.215 

0.360 

26.7 

25.00 

2.635 

0.392 

27.0 

30.00 

3.920 

0.477 

27.4 1 


IQio 


0.427 
0.430 
0.428 
0.425 
0 368 
0.338 
0.279 

0.0919 

0.0916 

0.0914 

0.0911 

0.0900 

0.0860 

0.0799 

0.0503 

0.0502 

0.0501 

0.0500 

0.0499 

0.0487 

0.0466 

o'. 0472 
0.0469 
0.0468 
0.0466 
0.0465 
0.0446 
0.0426 

0.0220 

0.0225 

0.0231 

0.02034 

0.0241 

0.0238 j 

0.0229 I 


Cn 

io-» 


0.0374 

0.0366 

0.0363 

0.0362 

0.0361 

0.0360 

0.0357 

0.0385 

0.0380 

0.0379 

0.0379 

0.0378 

0.0377 

0.0377 

0.0396 

0.0393 

0.0390 

0.0384 

0.0384 

0.0384 

0.0384 

0.0394 

0.0392 

0.0390 

0.0388 

0.0384 

0.0385 

0.0385 

0.0408 

0.0404 

0.0401 

0.0398 

0.0395 

0.0402 

0.0406 


cent, there is none at all. Ionization is not very pronounced in 
either sample. 

Trouble Experienced in Operation 
The most interesting case encountered was the trouble ex¬ 
perienced by another one of the operating companies. 
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Several years ago it installed a considerable length of hew 
cable in its 13,800-volt, F-connected, grounded-neutral system. 
It had the following specifications: 

4/0 three-conductor. 

7/32-in. (5.5 mm.) paper on each conductor. 

7/32-in. (5.5 mm.) paper over all. 

Pilled with vegetable hydrocarbon base compound. 

1/8-in. (3.1 mm.) lead sheath. 



TEMPERATURE DEG. C. 

Fig. 15 —Watts per Foot and Power Factor Cable 4 (Paper) 
AT 25 Kv. —In Service Five Years at 24 Kv. 

The failures encountered in this lot of cable gradually increased 
with time and finally reached such serious proportions that a 
special investigation was made to determine the trouble. 

By referring to the records it was found that the cables had 
never been heavily overloaded and there were no indications of 
unusual high-frequency disturbances. 

Most of the trouble was experienced at points known to be 
heated above the average duct temperature from external 
sources. 

The cables were in a number of cases quite warm even when 
lightly loaded, indicating that the dielectric energy loss must 
have been so high that it was comparable with copper losses. 
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• In one instance, after a cable had failed at a known ‘^hot spot^' 
in the system, sections of the remaining cables at this point were 
removed from the ducts, cut open and examined. 

Referring to Pig. 13, the triangle of jute filler and the surfaces 
of the paper wrappings between the points 1, 2 and 3 were badly 
scorched. There were spots in some of the sections where the 
paper wrappings were charred almost down to the copper. The 
wrappings next to the lead sheath and those next to the copper 
(except at the spots where charring was very bad) showed no 
signs of deterioration and this would indicate that the charring 
mentioned was not caused directly by burning from overloads 
or from exterior sources of heat. 


Fig. 



• Hochstadter described this same characteristic charring 
m the article previously referred to. 

whenever failure occurred a sample 12 ft. 

• m.) in length was cut from the line near the point of failure 
sealed up and sent to the laboratory. Twelve samples were 
collected in this way and in addition a new one of the same kind 
was cut from a reel in the store room. 

tr> loss data on the new sample referred 

13.800-volt power-factor is 1.5 per cent at 21 deg cent and in 
creases to 54 oer cent at inn 

cable had nnnr. ^ ®h°wing that this lot of 

p or temperature characteristics even when new. 
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TABLE VI. 

4/0 three-conductor 

7/32 ixi. paper on each conductor 

7/32 in. paper over-all 

Filled with vegetable hydrocarbon base compound 
i/H in. lead sheath 
FrtHiuency 60 cycles 


T 

E 


Iz 

P.F. 


d* 

deg. cent. 

10^ 

Wz 

10 -® 

per cent. 

lOio 

. 

10-9 



CABLE KO. f 

)-A NEVER IN 

SERVICE 



21 

4. Of) 

6.06 

8.89 

11.95 

14.80 

17.88 

0.00542 
0.01187 
0.02530 
0.04510 
0.07145 
0.1300 

0.0860 

0.1280 

0.1894 

0.2550 

0.3168 

0.3836 

1.552 

1.529 

1.500 

1.480 

1.522 

1.896 

0.3025 

0.3100 

0.3120 

0.3150 

0.3070 

0.2460 

0.0554 

0.0560 

0.0566 

0.0567 

0.0568 

0.0569 

100 

4.05 

6,06 

8.89 

11.95 

14.80 

17.88 

0.2888 

0.6000 

1.350 

2.555 

4.220 

6.763 

0.1365 

0.2020 

0.. 2990 
0.4070 

0 5170 
0.6500 

52.27 

49.00 

50.85 

52.50 

55.16 

58.22 

0.00567 

0.00614 

0.00585 

0.00560 

0.00519 

0.00476 

0.0763 

0.0768 

0.0769 

0.0770 

0.0773 

0.0784 


CABLE NO. 5-B 

IN SERVICE 5 YEARS 



22 

4.05 

6.06 

8.89 

11.95 

14.80 

17.88 

0.00864 

0.01875 

0.0416 

0.0899 

0.1790 

0.3322 

0.0803 

0.1210 

0.1787 

0.2432 

0.3060 

0.3750 

2.655 

2.550 

2.620 

3.095 

3.955 

4.955 

0.1900 

0.1960 

0.1900 

0.1592 

0.1222 

0.0963 

0.0524 

0.0527 

0.0533 

0.0539 

0.0549 

0.0558 

100 

4.05 

6.06 

8.89 

11.95 

14.80 

17.88 

0.947 

2.185 

4.963 

9.55 

17.23 

30.62 

0.2850 

0.4400 

0.6760 

0.9725 

1.3700 

1.9580 

82.10 

81.95 

82.00 

82.15 

84.56 

1 87.50 

0.001730 

0,001684 

0.001595 

0.00149E 

0.001275 

0.00104i 

0.1064 
: 0.1100 

5 0.1157 

\ 0.1230 

J 0.1282 

51 0.1402 



CABLE NO. f 

)-C IN SERVICE 5 YEARS 



29 

4.05 

6.06 

8.94 

12.07 

14.93 

18.01 

0.03925 
0.0870 
0.1881 
• 0.3673 

0.6025 
1.0050 

0.10865 

0.1650 

0.2412 

0.3256 

0.4025 

0.4935 

8.90 

8.68 

8.74 

9.35 

10.02 

11.30 

0.0418 

0.0422 

0.0423 

0.0396 

0.0367 

0.0321 

0.0718 

0.0720 

0.0717 

0.0714 

0.0711 

0.0710 

111 

4.05 

6.06 

8.94 

12.07 

14.93 

0.9000 

1.9940 

4.3170 

8.5700 

14.9100 

0.2900 

0.4338 

0.6613 

0.9350 

1.2870 

76.70 
74.50 
73.10 
76.00 

77.70 

0.00182£ 

0.00184S 

0.001841 

0.001695 

0.001495 

» 0.1219 

5 0.1223 

> 0.1314 

) 0.1338 

1 0.1432 
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TABLE VI. iContinued) 

4: JO three-conductor 

7/32 in. paper on each conductor 

7/32 in. paper over-all 

Filled with vegetable hydrocarbon base compound 
1/8 in. lead sheath 
Frequency 60 cycles 


T 

E 


h 

P.F. 

r» 


deg. cent. 

103 

Wi 

10-3 

per cent. 

1010 

10-9 



CABLE NO. 5-E in SERV] 

[CE 5 YEARS 



20 

I 4.05 

0.00705 

0.0950 

1 830 

0.2309 

0.0622 


6.06 

0.01532 

0.1440 

1.755 

• 0.2421 

0.0627 


8.89 

0.0322 

0.2112 

1.715 

0.2450 

0.0634 


11.95 

0.0625 

0.2855 

1.832 

0.2290 

0.0640 


14.80 

0.1098 

0.3550 

2.090 

0.1995 

0.0639 


17.88 

0.2110 

0.4300 

2.747 

0.1517 

0.0638 

100 

4.05 

0.3546 

0.150 

58.30 

0.00462 

0.0797 


6.06 

0.747 

0.225 

54.80 

0.00493 

0.0844 


8.89 

1.516 

0.333 

51.25 

0.00521 

0.0854 


11.95 

2.842 

0.450 

52.80 

0.00503 

0.0849 


14.80 

4.450 

0.559 

53.75 

0.00493 

0.0842 


17.88 

6.840 

0.677 

56.50 

0.00468 

0.0816 



d 

LU 

60 ^ 6 


40 


o 

20 G 2 


io 



Fig. 17—Watts per Foot and Power Factor Cable 5a (Paper)— 
New Cable Never in Service 
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This is an important point and it is safe to say that any new 
cable with such a high power-factor at 100 deg- cent, will in time 
cause trouble at '"hot spots.” 

Cable No. 5b. The measurements on this sample, one of those 
cut from a line near point of failure, are also given in Table VL 
The 13,800-volt power-factor in Fig. 18 is 3.7 per cent at 22 deg. 
cent, and increased to 85 per cent at 100 deg. cent. It was 
thought that this sample must have been partly broken dowm and 
chtirred to give such an extremely high power factor at 100 deg. 



tg-_-iyATTS PER Foot and Power Factor Cable 5b (Paper) 
In Service Five Years 


cent, although the 22 deg. cent, power-factor is within reason¬ 
able limits. But, when it was cut open no burning or score g 
of Ly kind was found. It was well filled rnth compound and 
tho surface of the paper between the points, ^ 
showed erfdenoe of trouble jnstbegiOT. 
coagulated here, a charactenstic sign of dist . 

sample checked the above one closely pig. 19 

-Nn The data and curves in lable vi anu x- ^ 

shS^^f LSiple to be either saturated with moisture or partly 
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broken down. The 13,800-volt power factor at 29 deg. cent, is 
10 per cent. No insulation gives power factors this high at low 
temperature unless conducting impurities are present. The 
111 deg. cent, power-factor is 77 per cent, not quite as high as 
that in Cable No. bb. 

When cut open three spots, each about one foot in length were 
found where the characteristic charring of the central section 
had eaten almost down to the conductors. In the rest of the 
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Fig. 19—Watts per Foot and Power Factor Cable 5c (Paper)— 
In Service Five Years 


length this section was either scorched or the compound had 
coagulated as previously described. 

Cable No. bd. The energy loss readings on this length checked 
those on cable No. 5c very closely and are therefore not given 
in the table. They indicated that the sample was partly broken 
down, so an endurance run at 15 kv. and 100 deg. cent, was made 
to get some idea in regard to how a cable actually fails in opera¬ 
tion. A log of this run is given in Fig. 20. It is interesting to 
note that it required two hours and 40 minutes to reach com¬ 
plete breakdown. 
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Examination showed the same characteristic charring at four 
places. One of these had charred completely through to tlie 
conductors, (the point where break down occurred.) It is prob¬ 
able that the endurance run had little to do with the damage 
at the other spots. It requires a number of days to cause such 
complete carbonization in an air tight cross section, as we have 
often observed in aging tests at 200 deg. cent, on different kinds 
of materials. 

Cable No. 5e. The energy-loss data are given in Table VL 
The 13,800-volt power factor is 2 per cent at 20 deg. cent, and 



Five 


+ inn dpp cent thus comparing with the new 
Sxx;Se;(No.t) Thf (5e) l^ad the lowest power lactor 

and losses of any of the old part of the length 

When cut open It f rtly filled with com- 

was comparatively dry,^ that , J/i-. 

pound. No signs of ‘'dry” condition and in 

Seyeral of the samples i„ addition the 

none of these were there -n^^he^^ell filled samples, 

power factor was always lowe compound 

This' indicates better than anything else, 
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filler was at fault, and that no moisture was present, for moisture 
would naturally accumulate in the *'dry’' sections. 

Resistivity Curves. —The low temperature resistivity curves 
r" are shown in Fig. 21. The voltage was not carried up to 
complete saturation in any case. It was necessary to avoid 
over-stressing and thereby be sure that the samples when 
examined after test were in the same condition as when cut from 
the line. Ionization started at 9 kv. in all the samples except 
the new one (5^^). 


0.32 


0.28 


0.24 


0.20 


CL 

> 


0.12 


■ ^ 
o 


0.04 


Variation of Capacity with 
Temperature. A study of the 
capacity C" values in Table VI 
shows that there is consider¬ 
able increase at high tempera¬ 
tures and that this increase 
is greater the higher the loss 
in the sample; in other words 
the lower the resistance of i 
the material the higher the ^ 
capacity. At zero resistance “ 
the capacity would be infinity. | 

Tests on the Compound. ^ 

Compound was pressed from « o.os 
one of the lengths that had 
been in service, and a short 
section of the new length (5a). 

Neither length had been given 
an electrical test and they 
remained sealed until ready 
for the extraction of com¬ 
pound. 

Vacuum treatment gave no 
evidence of an appreciable amount of moisture in the compound. 

showed the presence of free organic acid 
service. marked in the compound which had seen 

5 cm%ti^ina;ff J temperatures, taken between 

mve^’i! Ke S ^he first part of the paper, is 

+V, m 1 resistance of both is very low and that of 

the old sample shows considerable deterioration, which must bf 
due o cheuucal chauge under the coudiliona of“ tlrsfre™ 
and temperature met with in operation ® 
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Pig. 21—Total Effective Re¬ 
sistivity PER Foot Cables 5a, 5b, 
5c, 5e (Paper) 
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Varnished Cambric and Rubber Insulated Cable 

Numerous tests have been made on different kinds of varnished 
cambric and rubber insulated cable as well as paper insulated 
cable other than those already discussed. 

Space will allow the characteristics of varnished cambric ami 
rubber insulation to be dealt with but briefly. Later we hope 
to present results showing the value of energy-loss measurements 
in determining different grades of rubber. 

Representative samples of 2/0 single-conductor cable having 



22 _ Log D-C. Resistivity of Two Cable Compounds from 

Cables in Group 6. A-FromNew Cable Never in Service. 
Prom Old Cable in Service 5 Years 


varnished cambric and rubber insulation have ee 

comparison with paper cable as follows. 

1.7 AT r Q /22 in (7 1 mm.) black varnished cambnc. 
Cable No. 6. 9/32-in. f/.i mn ) 

Cable No. 7. 9/32-in. (7.1 mm.) 33 per cent pure g 

rubber. i qn cent good commercial 

Cable No. 8. _ 9/32-in. (7.1 mm.) 30 per cent go 

grade rubber compound, 
following headings. 
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Relative Permittivity and Grading 
It would perhaps be well to combine the three standard types 
of cable insulation in one group and study their relative charac¬ 
teristics more closely. 

Varmtion of Permittivity with Voltage Stress. The voltage 
gradient curve for the cross section of single-conductor cable 
considered is given in Fig. 23 at a total impressed voltage, E = 
10 kv. 



Pig. 23— Voltage Gradient at 10 Kv. foe 2/0 Single-Conductor 
Cable . 9/32 in. Thickness of Insulation 


de 

= voltage gradient 

imax- = maximum gradient (a, next to conductor) 
iav = average gradient. 


The relative permittivity values, in Tables II and III 
show that Kax vanes slightly with 'voltage E. It is evident, 
then, that K varies with g through the thickness of insulation’ 
and if „„ represents the value of if at a point approximately 
coinciding with 

In Fig. 24 the 50 deg. cent, values of if„ for the different 
matenals are plotted against g„ instead of E. The section of 
the curves between the perpendicular lines shows the variation 
of if with g through the thickness. The largest variation occurs 
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in Cable No. 8 (rubber) and is only 1,6 per cent. The variation^ 
in Cable No. 6 (varnished cambric) is 0.7 per cent. The actual 
value of gmax will therefore be slightly less than the theoretical 
value given in Fig. 23; in other words, the insulation tends to 
grade itself automatically, but only to a slight extent. 

The above grading of K considers a uniform temperature. 
In operation, the distribution of temperature will cause still 



Fig. 24—Relative^Permittivity of Different Materials at 
50 Deg. Cent, and 10 Kv. 

further grading, since K increases with temperature in most 
materials. 

' Variation with Temperature, Fig. 25 shows the change in Kav 
with temperature for the different materials at £ = 10 kv. The 
slope of the varnished cambric curve (Cable No, 6) is very 
noticeable. The K of good paper insulation (Cable No. 2) does 
not increase much with temperatirre but that of medium paper 
(Cable No. 1) increases appreciably above 75 deg. cent. An idea 
of the rapid increase of K with temperature in poor paper insu¬ 
lation can be obtained from the capacity c" values in Table VI. 
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Ass^e that the conductor is at a temperature of 50 deg. cent, 
and the lead sheath 40 deg. cent. Referring to Fig. 25 the lar- 

(Sbirrt 

automatic grading due to voltage stress and 
that due to temperature the total effect in Cable No. 6 will 
cause approximately a 3 per cent decrease in In other 

words, automatic grading is hardly appreciable and the theo- 



PiG. 25 -Relative Permittivity of Different Materials at. 10 Kv. 


retical ^adients in Fig. 23 are approximately correct. The 3 
per cent Jcrease in discussed above is probably entirely 

tending to raise gr^ax slightly above the theoretical value. 
Effective Resistivity 

Varmtionwith Temperature. The 10-kv. curves of effective 
specific resistivity_ versus temperature for the different cable 
samples are given in Pig. 26. 
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A comparison of the slope of these curves shows that paper 
insulation has the poorest temperature characteristics and must 
be of the highest grade to bring the 100 deg. cent, resistivity- 
well up in value (Cable No. 2). The resistivity of Cable No. 1, 
a medium sample, drops very rapidly with temperature and it 
can be imagined how rapidly the resistivity of a very poor cable, 
such as No. 5b, will drop. It is this effect at '‘hot spots” that is 
of such great importance in cable work. 

Varnished cambric follows after paper and it is evident that 
the resistivity characteristics are not particularly good. Var- 



TEMPERATURE DEG. C. 

Fig. 26 — Log of Specific Resistivity (Effective) at 10 Kv. 

nished cambric has this advantage, though; it is very stable and 
uniform. Its good mechanical qualities are another point in its 

favor. _ • -u 

Rubber has the best temperature characteristics. It is to be 
regretted that these cannot be better utilized, but the physical 
changes that take place in rubber prohibit its use at high tem¬ 
peratures. *■ . , T, 4 . 1 , 

Variation with Voltage Stress. The variation of p through the 
thickness should be dealt with in the same way as the variation 
of JN 

In Pig- 27 the 50 deg. cent, values of pav for the different 
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samples are plotted against gav instead of E. The section of the 
curves between the perpendicular lines shows the variation of p 
with g through the thickness. The greatest variation, 26 per 
cent, occurs in Cable No. 8, and the least, 8 per cent, in Cable 
No. 6. 

Referring again to Fig. 26 and assuming temperatures of 50 



Fig. 27—Specific Resistivity (Effective) at 50 Deg. Cent, and 

10 Kv. 

to 40 deg. cent, for the conductor and lead sheath respectively, 
the greatest variation of p through the thickness, 50 per cent 
occurs in Cable No. 1, and the least, 5 per cent in Cable No. 7. 

When the above two effects are combined it is evident that 
the value of g is much less, and consequently the watts per cm.^ 
next to the conductor is much more, than the values further out 
in the thickness. 
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Internal Ionization 

As mentioned in the first part of the paper, coils have been 
overstressed for long periods of time and the effects of internal 
and external ionization noted. Examination, after a continu¬ 
ous run of a year or more at two times normal operating voltage, 
shows deposits on the walls of the gas spaces; but it is surprising 
how little actual damage is done. The materials used, however, 
were known to be quite stable chemically. 

Overstressing to a point where internal ionization begins is, 
of course, to be avoided in practise; it is obvious however, that 
materials should be used that are chemically the least affected 



Fig. 28-Internal Ionization in a High-Voltage Armature Coil 


bv it for ionization may sometimes be met with; for instance, 
when high-potential test is applied to lengths o ca e m 

'“feSrarSSson- have deal, to some length ^thj^ 

effects of intemal ioniaation in 

chemically unstable matenals. Ibey toun 

harmful in some cases. _^ature coil whose thickness of 

The resistivity ciuves of an 

main insulation, CU./s^ -m. oro.outd ; -—--- ,, t— 

Fleming and Johnson, Journal I. E. F., 
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gas spaces are given in Fig. 28. The ionization at 22 deg. cent;, 
starts at 12 kv. and is quite pronounced. 

Ionization in Unfilled Cables. Special lengths of cable (Nos 
9a and 9b) were made up for the purpuse of studying internal 
ionization. 

The specifications are as follows: 

2/0 single conductor 

9/32 in. (7.1 mm.) varnished paper tape. 

3/32 in. (4.7 mm.) lead sheath. 



Pig. 29— Per Cent Power Factor Cables 9a 
Paper) at 10 Kv. 


AND 9b (Varnished 


apSrfMflar' ? ^ "" “Wad a-d then 

applied dry without filling of anv VitnVT ^ i 

between layers at the overlapping ed“es of™f,™e““ “ 

a. 24 hv, wMe^^glS'” Si" f ‘'™” 

for the average sample. given are 
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Fig. 29 shows the 10-kv. power factor heat cycles. That of 
No 9a is very stable but there is a big difference between the 
heating and cooling curves of No. 9b. The permittivity cycles 



30—Relative Permittivity Cables 9a and 9b (Varnished 
Paper) at 10 Kv. 

in Fig 30 show much the same characteristics. Some very 
appreciable change must have taken place in No. 9b during the 

cycle. 



Pig 31—SrEciFic Resistivity (Effective) Cable 9a (Varnished 
Paper, Pilled) 

The resistivity curves of No. 9a are given in Fig. 31. The 
inherent resistance decreases noticeably. There are only 
traces of ionization in the 35 deg. cent, curves. 
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The corresponding curves for No. 9b in Fig. 32 show pro¬ 
nounced ionization in all of the heating curves, beginning at 6 
kv. It has almost entirely disappeared in the cooling curves. 
The permittivity values in Fig. 33 and 34 follow the same char¬ 
acteristics in an even more pronounced way. 

From the general trend of the test it was evident that some 
sort of partial breakdown occurred in Cable No. 9b at 125 deg. 



Fig. 32 Specific Resistivity (Effective) Cable 9b (Varnished 
Paper, Unfilled) 


cent.,^ so It was cut open for examination. The wrappings 
especially those nearest the conductor, were perforated with 
small pm pncks” in a distinct way. The majority of them 
followed a straight line lengthwise down the middle of the taping 
wl^re the adjacent overlapping edge had been in contact. 

_ The air space along this line was ionized and since ionized gas 
IS a good conductor it acted like a sharp metallic edge, that is. 
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concentrated the stress to such a degree that partial failure 
occurred. Osborne* first noted this characteristic perforation. 
The walls of the perforations must have been conducting and 



Fig. 33—Relative Permittivity Cable 9a (Varnished Paper, 

Filled) 


this tended to short-circuit.the air spaces, for Figs. 32 and 34 
show that they were eliminated in some such way in the cooling 

curves. ^ ^ 

The permittivity characteristics in Fig. 34 are of particular 



Fig 34— Relative -Permittivity Cable 9b (Varnished Paper, 

Unfilled) 


interest They illustrate step by step what happened. In the 
34^ cent, heating curve the effective pcnnittm ti^u^^ 
of Dielectrics-hy H. S. Osb^TRANS. A. I. E. E., 

Vol. 29, p. 1563. 
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with voltage stress as the low permittivity air spaces are grad¬ 
ually ionized, in other words, eliminated from the effective per¬ 
mittivity. In the 30 deg. cent, cooling curve the air spaces 
have been short-circuited by perforation at 125 deg. cent, and 
consequently the curve does not depend upon voltage stress but 
is almost flat, meeting the 34 deg. cent, heating curve at 27 kv. 

It would be interesting to determine at various pressures and 
spacings the stress necessary to ionize the gases filling spaces in 
different kinds of insulation, and see if it is not possible to pre¬ 
determine by calculation the starting point of internal ionization. 
This would furnish very useful information to designing engi¬ 
neers regarding the proper voltage rating of their apparatus. 
The investigation is still in its first stage, however, and event¬ 
ually it is hoped to reach this point. 

Acknowledgment. In closing we wish to express our appre- 
preciation and thanks to Dr. C. P. Steinmetz and J. L. R. 
Hayden for their interest and able advice; the operating com¬ 
panies who placed at our disposal the opportunity to study 
cable from their lines; Mr. J. J. Matson for his invaluable as¬ 
sistance in preparing this paper; and Messrs. H. R. Summer- 
hayes and E. W. Hawley whose cooperation was of great help. 

APPENDIX A 

Showing Method Used in Calculating Single, Conductor 

Cable Data 

The following nomenclature and formulas are used throughout 
the paper: 

Let E = impressed voltage 

I = total amperes per foot length of cable 
W = watts loss (dielectric) per foot length of cable 
cos 6 = dielectric power factor 
C = capacity in farads per foot. 

Kav. = relative permittivity (average through thickness) 

Ka = capacity per cml of air = 0.08842 X lO-^^ farads 
R = total effective a-c. insulation resistance per foot. 

Pa.. = effective resistance per cmh (average through thickness) 
d e 

^ ~ ~dx ^ gradient. 

gav. = average voltage gradient through thickness 
I = length in cm. = 1 ft. = 30.48 cm. 
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h == radius in cm. inner side lead sheath 
O' — '' of conductor. 


The dielectric circuit is considered as a parallel circuit, that is, 
the resistance and capacity are considered as being in parallel. 

cos 6 = (1) 


For a single-conductor cable in which the thickness of insula¬ 
tion consists of one kind only: 


Ka Kav’ ' 2 TT I X 


therefore: 


therefore: 


^ k d k dv • 2 TT / 

log b/a 

I sin 6 _ kd kgy. 2 T I 
2TrfE'~ log, b/a 


_ I sin d • loge b/a 
{2T)HfEKd 


dR = Pdv. 


^ 2^7r / “ W 


therefore: 


2 7rZ£2 

TFlog. b/a 


For the voltage gradient: 


dx KaKav‘2,irlx 
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therefore: 


=: ^ 

^ b/a 

A = area of gradient curve between a and b 


g dx = 


loge b/a \ X 


threrfore: Area, A = E 




APPENDIX B 

Showing Method Used in Calculating Three-Conductor 

Cable Data 

Referring to Fig. 11 it is assumed that, 

= ^2 = rs, r 4 = rs = Tq, a — = Cz and ^4 = ^6 = 

For Single-phase Readings: 

Let E = variable test voltage 
WI = loss due to Ti per foot 
W 2 = loss due to f 1 ^4 and per foot 
14^3 = loss due to r 4 per foot 
/i = current due to Fi 
12 = current due to Fi ^4 and Fe 
Iz = current due to F 4 
c’^ — 2 C 4 + Cl = capacity in farads per foot. 


ri Tj 

2 ri + r4 


effective resistance in ohms per foot. 


By applying high voltage to all three conductors connected 
together and grounding lead sheath through the instrument, 
readings of 3 PFi and 3 Ii can be taken at voltages, E, and curves 
plotted. In the next set of readings high voltage is applied to 
conductor A and conductors B and C are connected to the lead 
sheath. These readings correspond to W 2 and 1 2 
Then 

cos 01 = = power factor from conductor to lead sheath. 

Ii = Ii cos d — j (/i sin 6 ) 
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£2 , h sin 01 

ri and Cl 2 7 r/£ 


cos 02 = 


Wi 

E h 


power factor due to Yi F 4 and Yg 


^ . h-Ii ^ W,- W^ 

I 3 = and PF 3 = -- 


. Is = 1/2 V (I 2 cos 02 - h cos 0i)2+ (I 2 sin 02 - h sin 0i)2 

cos 03 = = power factor between conductors. 

■lL 12 


- I 3 sin 63 

^4 == 


Wz 


27rfE 


Three-Phase Calculations 

The equivalent dielectric circuit in Fig. 11 gives two separate 
circuits, one A (between conductors), and the other Y (between 
conductors and lead sheath). 

E^ = line voltage (variable). 

0 , = = voltage to lead sheath. 

V3 • 

Wz^ = total three-phase loss (dielectric) per foot 
— current per conductor per foot 
cos dfj, = three-phase power factor 

Wz<i> = 3 (Wz' + Wi) where; 

Wz^ = Wz read from curves at voltage Ecj, and, 
reeid from curves at voltage 
= I 3 ' + 1 / where; 

J 3 ' = Jg V 3 at voltage E,^and, 

11 = Ii at voltage ecf, 

Wz^ 


cos 06 


a/3 E^ 16 


also; 


= 


J^sin^<^ — 
2TfE6 


= capacity, farads per conductor per foot. 
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Discussion on “Problems of Operation and Maintenance 
OF Underground Cables” (Harper). “The Funda¬ 
mentals OF Successful High-Tension Cable Joints” 
(Roper). “The Influence of Dielectric Losses on 
THE Rating of High-Tension Underground Cables” 
(Bang and Louis) and “Insulation Characteristics of 
High-Voltage Cables” (Clark and Shanklin), New 
York, June 27, 1917. 


W. 1. Middleton: There should be the heartiest cooperation 
between the cable users and the manufacturers. A great deal 
of unnecessary trouble could be avoided if the manufacturer had 
a more definite knowledge of the conditions under which the 
cables are to operate. 

^ The failure of the joints due to the compound used is very 
interesting. Many compounds, as the author says, are good 
insulators in themselves, but are not good when in combination 
with other compounds equally as good. 

• must be more than a mechanical mixture otherwise there 

is liable to be a separating out of the different ingredients and 
stresses are set up within the joint or within the cable itself if the 
dielectric constants of the cable compounds are vastly different 
irom the insulatipg material itself. 

We have emphasized for a number of years the necessity of 
having the dielectric constant of the cable compound similar to 
txiat of the insulating material with which it is used. 

Mn Roper s paper has covered all of the important features 
of cable splicing, but I am convinced that the personal element 
enters into the making of a good joint probably more than any 
other one thing. ^ Some of the most successful cable splicers are 
making what might be called a very unscientific joint without 
any of the new ideas that have been advocated recently, depend- 

quality of tfee material used and the 
quality of the workmanship, observing, of course, all of the 
mentioned by Mr. Roper. Joints of this kind on 

five huur? 

Will be a mechanical 
personal element that now 
enters into the hand-wound type. There is no joint on the 
market today that can compete with the hand-wound, hand- 
filled joint when well made. As Mr. Roper says, some of the 
more expensive joints may be considerably stronger but their 

““ke them isTdraw. 

back to their being universally adopted. 

As to the cheaper methods of makingn joints, some of them 
troiiW the fact that they have give™ 

sufficiently long to have 

gained the confidence of the splicers. ^ 

i- has not been taken into 

consideration in regard to joints, and that is the electrostatic 
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capacity of the joint itself. Those who have experimented with 
joint-making in connection with cables have found that a cable 
will stand a very high voltage test and the joint itself will stand 
a very high voltage test. In the combination of the two, the 
joint will break down. I think there is a chance for investiga¬ 
tion along the line of the dielectric constant or the electrostatic 
capacity of the joint itself—there is more stress^ on the joint in 
combination with the cable than there would be if the joint were 
tested alone. 

Referring to the paper by Messrs. Clark and Shankhn, when 
the insulation of^ cable is subjected to an electrical pressure 
the material is electrostatically strained by molecular displace¬ 
ment, which may end in rupture if the pressure prove sumcient. 
If the pressure be removed before breakdown occurs, it will in 
most cases gradually recover its normal unstrained condition. 
The ability of a cable dielectric to withstand this strain or to 
rapidly recover from such strain is important when used on an 
a-c. circuit. Whatever may be the real mechanism of this 
phenomenon, the result is that with rapidly alternating pressures 
molecular vibrations are set up in the dielectric, heatag it and 
causing loss of energy similar in manner to that which takes 
place in a rapid magnetization and demagnetization of a piece 
of iron. Therefore, the less action in the dielectric the less heat. 
Associated with this loss due to molecular vibration is the re¬ 
sistance of the dielectric. The losses due to hysteresis and con¬ 
duction in the dielectric must be supplied by the chargmg 
current and pressure, and these losses increase the power tact or 
of the cable to the necessary extent by bringing the pre^ssure and 

charging current more nearly into phase. ^ ^ 

The specific resistance and permittivity of^ the ditterent 
insulating materials used in making high-tension cables are 
vastly different, some materials have a very high specitic resist¬ 
ance and a high capacity, while others have a low resistance and 
low capacity. The degree and manner in which these ditterent 
materials are affected by temperature as regards resistance 
capacity and electric stress is also vastly different. A 
study of all of these characteristics should be made before they 
are used in the construction of high-tension cables. 

Paper insulation has a smaller permittivity constant than 
cambric or rubber and a lower resistance. The temperature 
coefficient of the permittivity is small, while that of the resistance 
is very large. This is shown in Tables II and III, and cables hav¬ 
ing this’ large temperature coefficient must of necessity have a 
larger power factor at higher temperatures. 

When we take into consideration the high temperature to 
which the experiment was carried. I think the power tactor 
results are about what we might expect. .The results obtained 
with the different cable compounds are very interesting, ana 
worthy of further investigation; so much depends upon tne 
mechanical makeup of the cable that a great many tests snould 
be made before we arrive at any decision. 
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The results we have obtained in the factory do not agree with 
those given by the authors in some instances. For instance, 
the change in specific gravity with temperature of rosin-oil 
compound shows about 4.4 per cent. Mineral-oil compound 
shows 4.3 per cent. The rosin-oil compound shows no loss of 
dielectric strength with increase of temperatures over the 
working range of the cables, that is up to 150 deg. Beyond that 
point there is a falling off: 


Temperature 

83 deg. fahr. 

100 deg. fahr. 

125 deg. fahr. 

150 deg. fahr. 

175 deg. fahr. 


Breakdown 

.28 deg. cent.30,500 volts. 

38 deg. cent..30,750 volts. 

52 deg. cent.30,000 volts. 

66 deg.-cent.29,500 volts. 

80 deg. cent.26,000 volts. 


A common base for mineral-oil compounds shows a marked 
decrease of dielectric strength with increase of temperature: 


Temperature 

80 deg. fahr. 27 deg. 

100 deg. fahr.38 deg. 

125 deg. fahr.52 deg. 

150 deg. fahr.66 deg. 

175 deg. fahr.80 deg. 


Breakdown 


cent.24,500 volts. 

cent.15,000 volts. 

cent.15,000 volts. 

cent.11,750 volts. 

cent. 9,100 volts. 


Ill our experience in experimenting with the rosin-oil and the 
mineral-oil base compounds, we have found the rosin-oil com¬ 
pound to be the best compound. Samples of paper cables 
impregnated with rosin-oil compounds show a marked increase 
in dielectric strength with increase of temperature over a con¬ 
siderable part of the working range of paper cables. 


Temperature 


32 deg. fahr. 0 deg. 

42 deg. fahr. 6 deg. 

60 deg. fahr.16 deg. 

78 deg. fahr.26 deg. 

98 deg. fahr.37 deg. 

120 deg. fahr.49 deg. 

140 deg. fahr.60 deg. 


Breakdown 


cent.61,200 volts. 

cent.64,300 volts. 

cent.63,025 volts. 

cent.67,130 volts. 

cent.64,400 volts. 

cent.72,600 volts. 

cent.69,460 volts. 


Paper ^ cables impregnated with rosin-oil compound show a 
marked increase of alternating-current capacity with increase of 
temperature which would tend to relieve the dielectric strains 
in a cable, as the cable temperature increased; which is quite 
important. 


Temperature 

33‘ deg. fahr. 

41 deg. fahr. 

50 deg. fahr. 

60 deg. fahr.. 

70 deg. fahr. 

80 deg. fahr. 

90 deg. fahr. 

100 deg. fahr. 

110 deg. fahr. 

120 deg. fahr. 

130 deg. fahr. 


4 deg, cent. 

5 deg. cent. 
10 deg. cent. 
15 deg. cent. 
21 deg. cent. 
27 deg. cent. 
32 deg. cent. 
38 deg. cent. 
43.5 deg. cent. 
49 deg. cent. 

54 deg. cent. 


Capacity 

0.0410 microfarad 
0.0420 microfarad 
0.0460 microfarad 
0.0463 microfarad 
0,0500 microfarad 
0.0525 microfarad 
0.0506 microfarad 
0.0595 microfarad 
0.0700 microfarad 
0.100 microfarad 
0.053 microfarad 
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C. L. Dawes: There are several points in the paper of Messrs. 
Bang and Louis which I believe should receive comment. At 
the present time the price of copper, which is twice as great as 
it is in normal times, and the prevailing high prices of all labor 
and materials have increased the cost of cables enormously. 
Therefore, to conserve the national supply of copper, lead, etc., 
and to keep down excessive investments during the present 
period of high prices it is desirable to force cables as well as 
other apparatus to the limits of their carrying capacity. The 
data given in this paper would, I believe, lead engineers to rate 
their cables 50 p#. cent and less of their safe heating limit. 

Instead of constructing a duct representative of actual oper¬ 
ating conditions the authors have surrounded their duct lines 
with heat insulating materials in a manner analogous to that 
employed in lagging electric furnaces. For instance the line is sur¬ 
rounded on three sides with 5 in. (12.7 cm.) of dry sand (ap^r- 
ently) and on the bottom the sand is 3f in. (9.5 cm.) thick. Dry 
sand has a thermal resistivity about ten times that of concrete or 
masonry and from three to four times that of rnoist soil. In prac¬ 
tise perfectly dry sand or ashes are seldom if ever encountered. 
Outside this sand the duct line is still further heat insulated with 
wooden boards which have a heat resistivity practically equal to 
that of the dry sand. Furthermore most of the heat generated 
within the duct line must pass out through these boards into 
the air. It is obvious that the heat dissipating ability of these 
boards is but a small fraction of that of a similar surface against 
moist earth. Therefore it is not surprising that with a total 
difference of temperature between the copper and the room of 
()9 deg. cent, that only 3 deg. cent, of this difference existed 
between the copper and the lead and only 4 deg. cent, between 


the lead and the duct. . 

There is another phase of practical operating conditions which 
the authors have entirely overlooked. In most central stations, 
the peak load exists only for perhaps a half hour, and owing to 
the heat storing capacity of the cable and its surroundings it is 
almost always possible to force a cable considerably in excess of 
its normal rating for such short periods. Some inanufacturers 
rate a 0000 cable similar to that used by the authors, at Z6\) 
amperes under ordinary conditions of operation. 

In their experiments the authors filled 7 out of 9 ducts with 
heavily loaded cables or they would have been_ heavily loaded if 
carried to their normal ratings. In practise it is usually possible 
to intersperse such cables with cables having a much lower loss 
as for example arc cables, primary and secondary mains, etc., 
keeping the cables having a high loss in the outside ducts. 

In my opinion the measurement of potential is open to sonie 
question. The potential transformers in this test were operating 
near or in excess of their current rating and at 58 per c^it of 
their voltage rating. Therefore, a change of loss, permittivity 
■ or power factor in the cable would mean a very appreciable 
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change in the high-tension voltage, and also some slight change 
in the iron losses. No correction for these factors is given by 
the authors. The method of supplying the two losses from sepa¬ 
rate sources, however I believe is rational. 

The making of cable joints has always caused operating com¬ 
panies considerable trouble. I believe that some of the difficulty 
in obtaining good cable joints is due to the fact that the ordinary 
cable splicer is a practical man and perhaps a very good workman 
but does not appreciate the many seemingly negligible factors 
which have a very important bearing upon the dielectric prop¬ 
erties of insulating materials. Among these factors is the exclu¬ 
sion of air and moisture mentioned in the paper. The elimina¬ 
tion of all sharp points and edges in the metal of the joint 
cannot be over-emphasized. 

Philip Torchio: I want to discuss especially the papers of 
Messrs. Bang and Louis, and Clark, and Shanklin. About five 
years ago Mr.^ Rayner presented a paper at the Institution of 
Electrical Engineers of England and covered a good deal of the 
field covered by the two papers here presented. Numerous other 
investigations have also been made. These analytical papers 
are very valuable, but we must not fall into the error of general¬ 
izing too much. In this respect I call attention to points like 
the following: In the paper by Messrs. Bang and Louis, near 
the end, there is a statement comparing specimens A, B, C, 
with D, and the conclusion is—‘‘Or a rating more than three 
times greater for specimen D than for A'\ While scientifically 
correct, that statement may mislead people if they are not in a 
position to closely analyze it. For instance, it would be useless 
to make a comparison with a 0000 cable A, which carries 38 
amperes, while another cable, of the same size, would carry 127 
amperes. We know that if a three-phase 0000 cable can not 
carry more than 38 amperes, that there is something the matter, 
not with the cable, but with something else, and what we have 
to do is to remedy the conditions outside. Scientifically, the 
st^ement is perfectly correct, but is subject to misconception. 

The same authors also refer to the Institute Rules determining 
the copper temperature of cables compared with insulating 
fibrous materials used for other purposes, like armature coils, 
and hence a conclusion and comparison in the curve is made 
that, if we operate a cable at 105 deg., as allowed in armatures 
tor such type of insulation, we can carry power to practically 
unlimited amount. 

Three years ago when I was a member of the Committee on 
Standards and we were working out these problems, I put this 
question to a gentleman that I think all of us recognize as per¬ 
haps one of the highest authorities in cable making, who was then 
Sub-Committee on Cable Ratings, Mr. Fisher. 
We have just adopted 105 deg. for copper temperatures for 
coils, and now we go into the next room and we limit it to 65 
or 70 deg. for cables. Why should there be such a difference • 
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Well, Mr. Fisher said what Messrs. Clark and Shanklin have 
said, and what any practical man would say, he mentioned that 
these cables are impregnated, but are in a green condition, 
not entirely cured. They are bent, coiled up on reels, and 
roughly handled in installations. The cables also are installed 
under different levels and ground conditions, and inequalities of 
heat dissipating properties of soil, etc. Now, all of these con¬ 
ditions may cause large distortions or disturbed conditions of 
the structure of the cable insulation. I have seen drawn out 
cables that were ori ginally round, but when they came out were 
triangular in sha;^"we never know the insulation value under 
such conditions of use. It is useless to talk about an increase of 
dielectric stresses and dielectric loss, etc., when we have to meet 
these practical conditions of operation. 

We have to recognize these conditions; and must not be led 
astray, because if we substitute some other insulating oil in 
the high-tension cables, the old troubles are in a great measure 
still there. 

In the same way I would call attention to the opening sen¬ 
tence in the paper of Clark and Shanklin, where they say: 
‘‘The experience of operating companies here in America over 
a period of years shows that practically all failures on high- 
voltage underground-cable systems can be attributed to heating.” 
It may be that it just happens that my personal experience on 
high-tension cable is just contrary to that. Our cable troubles 
due to heating are exceptions. Just recently we had two burn¬ 
outs caused by localized heating due to external sources like a 
boiler installed, under a sidewalk alongside a trunk line, or 
escaping steam from steam mains. 

In our 16,000-volt cables we have had practically no 
failures. In the case of our 24,000-volt cables, which were a 
new type we compelled the manufacturers to make, we had 
difficulty at the factory in making the cable withstand the 
voltage test, and twenty lengths were made, and discarded. 
Some manufacturing changes were made which gave better 
results but the principal difficulty due to a special form of wrap¬ 
ping was not entirely eliminated except at the last. The first 
portion of cable lengths gave us trouble, as seven or eight failures 
occurred; with the latter portion of cable lengths there were no 
failures 

Therefore, I do not consider it exactly a fair statement to say 
that cable failures are due to heating. I thirfk there are also 
mechanical reasons and structural reasons which have to be 
looked up. 

The measurements of dielectric losses are very interesting. 
To my knowledge the first reference of the importance of dielec¬ 
tric losses' in cable specifications and the first meas'urements of 
these losses on cable installations were made sixteen years ago 
by me and reported at the Convention of the Association of 
Edison Illuminating Companies in 1902. The tests were made 
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on a 10,935-foot cable feeder paper insulated and a 24,756-foot 
cable feeder, rubber insulated. As to the tests applied to cables 
manufactured in or before 1901, it may be of interest to have 
the results from those cables compared with the results obtained 
by Messrs. Clark and Shanklin for modern cables. The method 
of measurement was by means of a Rowland dynamometer. 
I quote from the report as follows: 

“In explanation of the tests it may be briefly stated that the triplex 
cable was considered as constituting six independent cbt^densers, of which 
three are made up of each conductor against a lea^y^hdath, and three of 
each conductor against the other two conductors.^The'capacity current 
and the watt losses in dielectric hysteresis of one of theses condensers was 
first determined for a given frequency, voltage and temperature, and 
from this data the power factor of the capacity current was obtained. 
For the other condensers the capacity current was measured under the 
same conditions of frequency, voltage and temperature, and the dielectric 
losses are calculated, assuming for the capacity current the same power 
factor as obtained before. The total dielectric losses for the whole cable 
were calculated by adding the working voltages of the different condensers 
under normal operating conditions. The results were as follows: 

Dielectric Losses in Triplex Cables Operating at 600 Volts—25 Cycles. 


Length, feet 


Rubber cable 
(with a 
section of 


Paper cable paper) 
10,936 

Rubber. 24,736 

Paper. 1,774 


Copper, cir. mils. 

Insulation. 

Temperature (approx.). 

Current to ground, amperes. 

Cycles. 

Volts impressed. 

Watts measured. 

Apparent watts. 

Power factor. 

Charging current, working condi¬ 
tions, amperes. 

Charging voltage. 

Voltage between legs. 

Voltage to earth. 

Current to earth. 

Current to other legs. 

True watts to earth. 

True watts to other legs. 

Total watts lost from 1 leg. 

Total watts lost from 3 legs. 

Total watts lost per foot. 

Loss in 1774 feet paper cable. 

Loss in 24,756 feet rubber cable.... 
Total watts lost per foot, at a temp, 
of 80 deg. fahr. 


Total. 26,510 

250,000 250,000 

10-32 in. 10-32 in. 

80 deg. fahr. 80 deg. fahr. 


0.59 

2.7 

25 

25 

6,300 

6,360 

175 

2,424 

3,720 

17,200 

0.0471 

0.141 

0.047 

2.16 

6,400 

6,400 

6,400 

6,400 

3,700 

3,700 

0.341 

1.56 

0.129 

0.60 

59.3 

813.8 

44.9 

625.2 

104.2 

1,439 

312.6 

4,317 

0.02859 
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4,266 

0.02859 

0.1723 


The above results can be used as a basis for investigating what would 
be the losses under different conditions of frequency, voltage or tempera¬ 
ture, taking into consideration the fact that the dielectric losses are 
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approximately proportional to the frequency, to the square of the voltege 
and to a certain function of the temperature, not yet determined. Ihe 
tenip®^ 3 '‘t'^re, however, increases considerably the dielectric losses, ^Jjd 
from results obtained from tests on insulating materials carried om by 
Mx*. C. E. Skinner of the Westinghouse Electric & Manufacturing Com- 
-nanv i't seems probable that t& breakdown of insulation is usually 
started at one point by the development of heat at a higher rate than can 
be dissipated, the increase of temperature causing the dielectric losses 
to grow larger, thereby making the conditions worse and worse, until the 
insulation is charred and finally breakdown results. . .-u ^ 

Another factbir affecting the dielectric losses is the shape of the electro¬ 
motive-force curmi4he sine curve giving the minimum dielectric losses, 
which is explain^tf;»y the presence of higher-frequency harmonics in the 
curve differing ifom the sine shape. ^ + 

The data here presented are too incomplete to attempt to arrive at 
absolute conclusions, but it may assist in gaining an idea oi the great 
importance of the dielectric losses in cables: 

(a) In applying high-voltage tests and the duration of the same. 

(h) In specifying insulating resistance of cables as the heating due to 
dielectric losses alone, affect greatly the insulation resistance of the oable. 

(c) In the selection of rubber or paper-insulated cables for very high 
voltages and high frequencies, independently of considerations oi cost. 

(d) In the adoption of pressure wires in high-tension cables, as tn 

capacity current of the pressure wires is often larger than one-halt th 
capacity current of the main conductors. . ^ 

(e) In the importance of uniformity of rotation of prime movers an 
good design of generators to avoid distorted curves of electromot 
forces.” 

During the last few years I have made several tests, and 
have not arrived yet at a clear understanding of the law govern¬ 
ing the proportionality of losses with frequency. In that paper 
written fifteen years. ago I said that the dielectric were 

proportional to the frequency. Subsequent tests which i have 
made show that they are not absolutely proportional to the 
freauency. Looking over some curves we have made on a 
variety of insulating materials, we have found that approximate y 
the losses vary less than the square root of the frequency, an 
I would like to ask Messrs. Clark and Shanklin if they can give 
the law, if there is a law, covering the valuation of dielectric 

losses with frequency. , . _ 

I want just to emphasize one point about the importance of 

these losses that I should, perhaps, have stated ^ 

believe it is practicable to operate a cable ab<wej^^® the diS: 
of steam in air. If you operate a cable at 105 deg. “ ^ 

that duct will get dry and grow hotter and hotter. So there is 
no use in presenting papers dealing with 

100 deg., as such papers are misleading, ^et us confine ow 
study below the 100 deg. mark so as not to deal with the im 

If ^w^Hmit the study to a practical limit of say. 80 ^g. for 6600 

volts, 25 cycles, the losses atfs^Mo’volts^ at 

kind of insulating compound. With a cable at 13,200 vol^-^ 

60 cycles, the difference for different 

so tLt for same copper temperature ,^.X?d[ekctric 

have to be reduced ten or twenty per cent with a higher dielectric 
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loss compound. Hence the dielectric losses in cables assume 
only importance with voltages above say 10,000 volts and higher 
frequencies. 

I want also to briefly make a comment in reference to varnished- 
cambric and rubber-insulated cables. I made some tests in 1910, 
to obtain the resistance and dielectric strength variation with 
temperature for varnished-cambric and paper cables, which 
showed that^ the insulation resistance fell off much, more rapidly 
for the varnished cambric than for the paper, and also that the 
varnished-cambric, three-phase 250,000-cir. r^, 10/32-insula- 
tion cable breaks down on the average at 20 de|. $t 97,000 volts- 
38,000 volts, and at 150 deg.; at 32,000 volts! 
Inis IS inconsistent with the data given in the paper; however, 

1 think the answer is given by a side comment of Mr. Shanklin's 
when he stated that the linseed-oil compounds have different 
charactmstics from the mineral-oil compounds, and I imagine 
that in his case the varnished cambric is of the type using the 
mineral compounds, but the varnished-cambric cables of 1910 
were very bad. ’ 


The company with which the writer is connected 

nas had its engineers at work upon these problems for many 
years, and while it has pursued dielectric loss and heating in¬ 
vestigations along very similar lines and has achieved results 
which_ in many ways confirm those outlined in these papers 
there is enough difference between its results and those presented 
inf papers to lend an added interest to the latter. 

The graphical method of determining the critical temperature 
has the great advantage of simplifying the problem. We have 
made use of tks method as outlined by Prof. Miles Walker in his 

STqfs Britain 

m 1912. Prof. Walker explains m that discussion how the critical 
temperature can be obtained by drawing a line tangent to the 

^ w'T® ’p dissipation curve. 

y;.Tisher, R. W. Atkinson and others have pointed out 
how dissipation curves of a duct system can be obtained and it 
has been explained that this information is a pre-requisite in the 
determination of resulting cable temperatures, and in partkulS 
temperature of high-voltage cables. Until the cable 
r, owever, is able to come to the manufacturer’s assistance 
and make such careful and such extensive measurements of the 
conditions of his duct system as to give the manufacturer an 
accurate record of what can be fairly tfken as a^mge cond^^^^^^ 
and as the worst conditions to be met with in any given localitv 
It IS obvious that the manufacturer is forced to baL\is judgment 
on what may be more or less insufficient data. ^ ^ 

doubt about the desirability of making use of 
^ construction of high-voltage 
T ? ^®“Snition of this fact that the engiheers with 

whom I have been associated, namely, H. W Fisher and W A 
Conner, were led to entbark upon a »n,ee of efpi^Senwion 
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upon mineral-base compounds some time in 1908, I believe. 
And their much earlier experience with cable made entirely^ of 
mineral waxes was in part responsible no doubt for their selection 
of a mineral-base compound for this new purpose. By 1^10 a 
very considerable amount of such mineral-base-compound cable 
had been manufactured and installed under their directiori for 
use at 10,000 volts and over, and there are several hundred 
thousand feet of such mineral-base-compound cable in satisfac¬ 
tory use to-day. .... . i 

A number of difficulties were met with m the early days of the 
manufacture of fei^ble made with these mineral-base compounds. 
Most of these difficulties have been overcome and the others 
in the course of time and under longer observation have proven 
less serious in practise than had been imagined. It has been 
within the recent past, however, and after a number of years 
experience with such cables, under actual working conditions in 
widely separated parts of the country, that the conclusion was 
reached that cables using mineral-base compound can be made 
(if we are satisfied with reasonably low rather than the_ lowest 
attainable dielectric losses), which are fairly comparable in their 
freedom from failure from all causes, with cables made of vege¬ 


table-base compounds. , , • ^ 

It would be interesting to know on what basis ot reasoning 
Messrs. Shanklin and Clark are led to the conclusion that practi¬ 
cally all failures on underground-cable systems can be attributed, 
to heating. Records relating to millions of feet of cable, witn 
which I am familiar, show that for cable of the particular make I 
have in mind only three instances of burn-out can with any. 
degree of assurance be attributed to over-heating of the kind 
that is apparently referred to, although the records referred to 
date back to 1902 and relate to cable operating at voltages from 
10 kv. to 25 kv. three-phase, made of both vegetable-base com¬ 
pound and mineral-base compound. These three cases represent 
the smallest class of failures encountered with these cables. 
Where such an enormous quantity of cable is involved and where 
the conditions of service run the full gamut between the best 
and worst from practically all the large cities in the coim W, i 
seems only a fair conclusion that the cable of vegetable-base 
compound (which included much the pater portion of that 
here spoken of) is either of substantially lower dielectric loss 
than the vegetable-base cable referred to by Messrs. Shanklin 
and Clark and Messrs. Louis and Bang or that the duct sys¬ 
tems of the country only rarely include any ph extreme 
conditions as they allude to. Numerous tests on hig 
voltage cable of vegetable-base compound mth which i am 
most familiar have failed to show anything like as high results 

on the average as those referred to by Messrs. Shanklin and 
Clark or Messrs. Louis and Bang, either for new or old cable. 
I am inclined to believe, therefore, that the cable of 
base compound represented by their data is exceptional in c 
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ter, either because of the original treatment or becan 
been injured by repeated overloads. This, coupled wil 
sys em of exceptionally poor thermal properties, seems 
most probable cause of the trouble referred to; and in 
o ^ e excellent results that have been obtained and 
being obtained with vegetable-base cables of various i 
ture in voltages from 10 kv. to 25 kv., it would seem 
unjustifiable to assume that the data presented in the 
give anything like merited recognition to the clams 
made cable using vegetable-base compounds. 

It IS interesting to note that one of the larged and n 
cessful makers of high-voltage cable in Europe has used f 
years and is using today, we believe, a vegetable-base co 
Which, in a specimen we tested at voltage up to 14,0 
three years ago and again a few months ago, had a pow( 
of 4 per cent at 150 deg. fahr. and 30 per cent, at 200 de 
this cable having been taken from a piece that has been o 
successfully in a very hot duct system since 1910. It is n 
infrequent for us to find samples of new cable using ve 
base compounds that show power factors of 7.5 per cen 
deg. fahr. and 30 per cent at 200 deg. fahr. 

The change of resistivity and power factor with vo. 
ow eniperatures has been noted by us in connection wit 
mens which have been bent when cold, and also with sp' 
^ ''''working conditions which have n 

bent while cold. While this does not necessarily mean t 
behavior of the specimen may not be due to the same 
suggested by the authors in connection wdth their cc 
samples, it is nevertheless suggestive of the possibility ths 
causes may be involved. 

We have on several occasions during the last four 
years, noted the peculiar appearance of high-voltage thr 
ductor paper cable which had started on the road to dest 
through the combined effect of dielectric losses and coppe 
in over-heated cables. The appearance of such cab! 
re^OTds exactly with the description given Messrs. SI 
and Clark; and tests made on new cable and on cable take 
to such a burn-out show changes of the same character inc 
by this paper. 

.u Klein in 1913 in a p; 

the E. T Z. pointed out the very great change in power 
with voltage at low temperatures on certain single-con 
papei -insulated cables pf various copper dimensions and \ 
thicknesses of insulation. The curves given by Mr 
showing power factor are almost direct counterparts' 
kdovdls^''^'^ ™ paper for specific resistivi 

vSo far as we are aware the first data published showii 
^hange of _ resistance with temperature are giv 
Tede chi in 1912 in the Archiv Fur Elektrotechnik where 
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cycles at various voltages up to 5000 volts were carried out on 
a number of insulating materials. It is of further interest to 
note that Pungs, in his article on insulating materials in the 
same periodical for 1912, calls attention to the fact that the 
insulation resistance of oils and compounds, particularly at 
relatively high temperatures, is very closely comparable with the 
alternating-current resistance as determined by dielectric loss 
measurements. 

H. E. Woodrow: We were very glad in looking over Mr. 
Roper’s paper to^^see that many of the points that he has brought 
out are in accord with our experiences along the same line. In 
general the conclusions that we have deduced from a large 
number of tests and experiments which were made for the pur¬ 
pose of finding a type of joint which would be successful for use 
on a 25,000-volt cable are in accord with those given by Mr. 
Roper, The type of joint adopted was completely described 
in the Electrical World of April 15, 1916. 

The need of improving the methods of making such cable 
splices was recognized several years ago and extensive studies 
and tests with different kinds of joint-filling compounds were 
conducted in connection with different types of carefully made 
joints; but all these joints failed to give uniform and satisfactory 
results. Paraffine compounds were found unsatisfactory be¬ 
cause on cooling they contract, leaving pockets. Heavy-gum 
compounds having high melting points did not flow into the 
crevices, and moreover under short-circuit stress cracks were 
formed which did not heal and finally caused breakdown. Later 
experiments were conducted with liquid fillers (fluid at low 
temperatures) such as rosin or mineral oils used in the insulation 
of cables. The chief difficulty experienced at first with liquid 
fillers was their tendency to run into the cable and leave voids 
in the joint."After considerable experimenting, however, this 
difficulty was completely overcome by the design of joint 
described in the Electrical World of April 15, 1916. This 
joint is filled with oil and has the hand-wrapped insulation, 
but over the outside insulating belt is a grounding gauge over 
which is a covering of cotton wick which holds the oil in the 
joint. Tests have shown that the oil may all be drained out of 
the sleeve without affecting the saturation of the joint. 

Under laboratory test these joints have withstood, without 
failure, 50,000 volts, three phase, for over 340 hours, when the 
test was discontinued. Out of more than thirty experimental 
splices of all types, the oil-filled ones were the only ones which 
stood indefinitely the 50,000-volt, thrbe-phase test. Some of 
these oil-filled splices were tested with^ equally satisfactory re¬ 
sults, even when drained of all the oil in the annular space be¬ 
tween the joint and lea:d sleeve. 

Over 290 cable splices have been in service nearly three years 
on three 25,000-volt cables, supplying the New York, New 
Haven & Hartford R.ailroad. This is a single-phase load with a 
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very heavy fluctuation and there has not been a single failure in 
these joints. Prior to the development of these joints, even the 
best made joints of the older type failed as often as once a month 
on less than 16,000 volts. 

We have made up the accompanying curves of Fig. 1, showing 
our comparative experience during the last few years with the 
oil-filled and solid-filled joints. 

About a year ago we began applying this type of joint on our 
15,000-volt lines, and up to the present time not a single failure 
has occuitred, which shows a marked improvement over the 
solid-filled joint. 

Mr. Harper has brought out some points which we have also 
found in our tests. With these joints filled under vacuum, the 
insulating compound, which is an oil, penetrates into the cable 
for several feet, which obviates the difficulty due to a partial 
draining of the cable forming air pockets. 
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This oil-filled type of joint requires practically the same 
amount of time to make as any hand-wrapped joint but there is 
an additional time required if the vacuum is applied. The vacu¬ 
um filling has an advantage on the extra high-voltage cable, 
although we found the other method, when it was impregnated 
without using the vacuum, gave good results on lower voltages 
The vacuum operation will require an hour to an hour and a 
half per joint. 

John B. Whitehead: The dissipation of heat from a cortduit 
hne, takes place by heat conduction; radiation and convection 
being absent; Under these circumstances the temperature that 
IS attained in the conduit line depends on the temperature 
gradient of the surrounding medium. 

In these pa,pers it is assumed, that we have a definite tem¬ 
perature ^adient around each conduit line; if that is the case 
and It undoubtedly is the case in the single line of Bang & Louis’ 
it accounts for the straight line relation between the losses in 
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the cables and the resulting temperature. This in turn indi¬ 
cates that a given number of ducts should be laid so as to present 
the maximum surface of contact with the soil. To lay them so 
as to require the least amount of excavation will often result in 
conditions lowering the safe capacity of the cables, for example 
Mr. Harper shows that the capacity of the duct line is only 
limited by the outside surface, the effect of the inside, the in¬ 
terior conductors, not having much bearing on the total capacity. 

The paper by Messrs. Bang and Louis, it seems to me, is an 
important step toward the possibility of rating cables defi¬ 
nitely. The method suggested by them, however requires 
that the dissipating curve of the duct line should be 
known. For this there is needed a knowledge of the 
properties of the soil and the losses that are taking place in all 
of the ducts, except that particular one in which the cable in 
question, is laid. In addition the dielectric loss curve of the 
cable itself, must be known. It should be possible to standardize 
several forms of cross section of duct line, and to test their 
dissipation curves in various conditions of soil. With the di¬ 
electric loss curve of a cable known it would then be possible to 
state the safe load it could carry in several standard conditions. 
While we are still far from being able to do this, the paper has 
shown clearly the principles involved.' 

Passing to the paper by Messrs. Clark and Shanklin, and 
particularly to the suggestion that ionization takes place within 
the cable, and is shown by the rapid fall in the resistivity curves 
at lower temperatures. The evidence that there is ionization 
here, as presented by the authors, is two-fold; first, that on 
opening a cable there is evidence of bubbles of gas, open spaces 
apparently, and the additional curve which has been taken on 
a cable which has been prepared with tape, and in which there 
is loss due to the ionization of air. It seems to me there are 
several reasons why there cannot be any ionization, at least 
gaseous ionization, within the body of a normal cable. 

First ionization of gas is invariably accompanied by sparking 
and carbonization. In my opinion, if you get either of these 
effects started in the cable, the cable, will not stand up very 
long, but the result will be immediately progressive and the 
cable will break down. Second how can there be any gas in 
the cable? The author’s suggestion that the distortion and 
bending of the cable leaves open spaces, and that these spaces 
are filled by volatilized gases is not clear to me:—What is going 
to volatilize the gases at the low temperatures existing? Third, 
there is no evidence of ionization at the higher temperatures. 
Ionization occurs very much more readily at high temperatures 
than low. I think if it started at low temperatures, it would 
start much more easily at high temperatures. 

It is possible to account for all the measurements on the cable 
at low temperatures by distortion of the cross-section of the 
cable, bringing the conductors themselves nearer to the sheath 
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at certain points? In this case there would be an increase of 
flux density, and consequently a local increase of temperature, 
resulting in higher losses, and consequently a reduction of the 
average resistance of the entire insulation. I ask, as bearing on 
those points, how the authors maintain the temperature of the 
cable uniform, and how they know it is uniform? I should like 
to ask also for some further description of the spaces which they 
say have been filled by ionized gas. 

D. W. Roper: One point which was raised in connection 
with my paper was by Mr. Middleton, where some reference 
was made to the electrostatic capacity of the joint being 
different from the cable, that might be the cause of 
trouble. We have had several cases of trouble of that 
nature, some years ago, in which the difference in the electro¬ 
static capacity of the cable may have had some influence on the 
failures. The joints were, we will say, fundamentally bad in 
one particular, but it was a very interesting case of joint trouble. 
One joint in a long transmission line, sixteen miles long, had 
failed about one mile and a half from the generating station, and 
as we found later, the joint had exploded, as it were, the lead 
sheath being split longitudinally, and a large portion of the 
compound blown out. The conductors were left practically 
intact in their curved form necessary for the application of the 
insulation. There were also some other troubles at the station 
occurring coincidentally, so that it was not possible to make a 
test with the usual test set. The cable was therefore tested by 
closing the switch at the further end of the line. This, of course, 
gave us an open-air arc between those conductors which had 
been exposed by the explosion of the joint. Later, when the 
repairs to the cable and in the station were completed, we again 
tried out the cable and found it stood the regular test, but on 
being placed in service it remained in service only a few hours 
before another similar breakdown occurred. This was repeated 
several times, and these failures were all near the original joint 
trouble. Before we got the cable back in service permanently, 
we remade all of the joints within about three-quarters of a 
mile of the original burnout, after which the trouble ceased. 
Apparently the subsequent iDreakdowns, following the initial 
failure, were due to some high-frequency and high-potential 
disturbances that traveled along the cable and affected only the 
joints. Possibly the electrostatic capacity of the joints had 
some bearing on the trouble, because the troubles were confined 
to a comparatively small distance from the original failure. 

There are a few points I would like to bring up in connection 
with the other papers which have been presented. The authors 
have mentioned hot spots in connection with the cables. Do 
these hot spots occur in cables that are thoroughly impregnated, 
and if so, is it feasible to devise a specification or test to tell 
when the cables are properly impregnated? In two of the 
papers, mention is made of limiting the amount of current or 
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power that should be transmitted through any one conduit, 
and in one paper a definite limit is suggested. It would be 
interesting to know what is the voltage and power factor of the 
load being carried on these cables. It would be more interestog 
if figures would be given of the total watts lost per foot of cable, 
and the loss per foot of conduit, and the number of ducts. _ 
One of the papers mentions the submerging of the cables in 
water, and another paper tells of the beneficial effects of sprink¬ 
ling the duct. Mr. Harper, I believe, mentioned the water 
for cooling. It is not clear, however, whether it was intended 
to simply submerge the cables so as to make them^ all of uniform 
temperature, and perhaps increase the conductivity of the sur¬ 
rounding soil, or whether it was intended to have a current or 
flow of water pass through the conduit, so as to give practically 
the conditions found in the water-cooled transformer, ihe 
submerging of cables is a good device, under some circumstances, 
but it has its disadvantages. We had a case of that kind which 
was adopted involuntarily, owing to a series of rains that brought 
the ground water level a foot or more above the level of the 
conduit, and then a cable broke down in this submerged area. 
We had to pump out a mile or more of conduit, before we could 
-get at the cable, because as we lowered the water level the water 
ran in from the adjacent conduit lengths for some distance on 
each side, and it was hardly feasible to get down and 
the ducts without the use of a diver. That is a point which 
should be taken into consideration when planning to submerge 


A. F. Bang: Replying to Mr. Dawes’ remarks about the 
low rating indicated in our curves, I want to underscore again 
that the ratings which we have given refer only to particular 
cases and only to constant load conditions. If the load varies 
you can safely carry a materially greater peak.load than in¬ 
dicated by the average load in our curves. If the load tactor is 
small our deductions do therefore not apply. This problem of 
variable load conditions is very important but is not covered by 


I was interested in what Mr. Torchio said about the reason for 
limiting the temperature on high-tension cables to values con¬ 
siderable lower than on low-tension_ cables and what is ordinarily 
considered safe for electrical machinery. I still believe thougn 
that the essential limit is the critical point as defined in our 
paper and that we will be able to safely go to much higher cable 
temperatures than specified in the Institute Rules if we are 
only sure we will not reach this point. ^ ^ ■ 

We have made up certain curves, for instance,_ to determine 
the critical temperature for a duct line with a varying number of 
cables installed and found this temperature to vary very inuch, 
say in the case of two cables it might be 90 deg. cent, and for 
thirteen cables 65 deg. cent., though the cables in both cases 
had the same dielectric characteristics. 
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C. A. Adams: I would ask if any precautions were taken to 
guard against the errors common to low power factor measure¬ 
ments by wattmeters where instrument transformers were em¬ 
ployed? 

A. F. Bang: Our measurements were made by measuring on 
the low side the input into potential transformers which were 
connected on_ the high side with the cable. The power factor 
on the low side of the potential transformers would never be 
below 50 per cent and any error in the watt meter indications, 
due to low power factor would, I take it, not be appreciable be¬ 
fore the power factor went below 10 per cent. 

The only source of error of importance that I can see is the 
fact that our method was a differential method, i. e., to get at the 
cable losses we had to subtract the iron and copper losses in the 
potential transformers from the total indications. If now these 
losses were three or four times as great as the cable losses, as 
was the case at low temperatures, a 1 per cent error in the read¬ 
ings might naturally cause a much larger error in the final re¬ 
sult; but at low temperature these losses are anyhow small and 
unimportant and at higher temperatures the above mentioned 
error would be negligible, since the cable losses here, especially 
m the poorer samples, would be many times greater than the 
transformer losses. 

One strong point in favor of our measurements is the fact that 
they were made with actual three-phase current and potential 
applied, so that there can not be any doubt but that the cables 
were actually subjected to the same stresses as take place in 
ordinary operation. 


WaUace S. Clark: Referring first to Mr. Harper’s paper, 
Mr. Roper neglected to state at one time the Chicago Edison 
Company did actually and deliberately operate a lot of cables 
submerged in a tunnel under the river. They were low-tension 
cables, it is true, but the idea was there. They got to a point 
where they could not carry the current. It seems in operating 
tea,d-covered cables actually under water, there is one bit of 
data we must have before we can suggest it, and that is the rate 
of corrosiori of the lead sheath with water flowing through the 
condmt, and that water carrying more or less air. Corrosion of 
• nTIl™ water, assuming the water to be fresh, is largely a matter 
of the amount of air and rate of circulation of the water 
Referring to Mr. Roper’s paper, there is one point in joint 

mentioned, and that is, in actual 
operation the joint begins to heat on the center line of the 
jomt and gradually heats towards the outside, and when it cools 
it reverses the process and the result is, if your compound is too 
ard’ you have a hard shell of compoimd on the outside of the 
compound in a softer condition in the center. You 
cannot use compound without some shrinking, and the result is 
vnn have shrinkage in the middle of the joint where 

you do not want it. I would like to say on this subject—I do not 
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know whether I am officially right, but I will call it the Torchio 
joint—I will say that this is really the first clear improvement of 
a joint I have seen that I was willing to indorse. 

Referring to the paper by Messrs. Bang and Louis, the agree¬ 
ment is rather better with our paper than would be indicated 
by the actual figures. They do not state in the paper the number 
of cycles, at least, I did not notice it, but I did notice on one of 
their drawings they had 25 cycles. Our' measurements were 
made at 60 cycles, and therefore we would expect the measure¬ 
ments to run higher than theirs, but taking that into considera¬ 
tion, the agreement is not bad. 

In regard to the temperature at which cables can be operated 
in connection with the rules formulated by the Sub-Committee 
of the Standards Committee, of which Mr. Fisher was chairman. 

I will say that I fathered it,as much as any one else, and I will 
take the responsibility for it. I did not know then what I do 
today, and one of the reasons that these experiments were 
undertaken was to substantiate whether the principle of the rule 
is right or not, and I believe it is right. Whether the actual 
numerical values are right or not is another question, but 
assuming we had taken 110 deg. cent, for fibrous insulation, 
which Dr. Steinmetz and Mr. Lamme proposed, and had put it 
into the rules, and all the gentlemen who are operating under¬ 
ground cables had followed that suggestion, I do not think we 
would have received thanks from anybody. I think every¬ 
body would have had trouble. You cannot do it, that is all, for 
the average c.able. Some day the manufacturers will make better 
cable, and we will be able to push the operating temperature 
up, but you must remember that a hoi spot on a cable is a bad 
proposition. 

There is one other point—^if you buy a motor and you are going 
to run the windings at 100 deg. cent., and if that motor runs ten 
years without burning out an armature, you would not criticise 
the manufacturer very severely, provided it operated all the 
time at full load. But how many of you gentlemen are prepared 
to renew cables every ten years? You must have a cable de¬ 
preciation around one per cent, and if it is much more than that, 
you are absolutely against it from a financial standpoint. I 
believe that principle of the rating is correct. 

To answer Mr. Torchio’s questions in part, until you get up to 
an over stressed cable, the dielectric loss appears to be pretty 
closely proportional to the square of the voltage. 

With regard to the number of cycles, we have a,s yet only 
made tests at 60 cycles, we have been about a year and a half 
at this, and have spent a good deal of money on these tests. 

With regard to the accuracy of our tests, you will find de¬ 
scribed in the paper that we took a 20-foot length of cable and 
tested it, and then cut it in two, in the middle, and duplicated 
the results on the halves. That test was made at my suggestion, 
and it seems to me it is a pretty clear statement as to the ac- 
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curacy of the methods of testing used by Mr. Shanklin, who 
really did all the work. 

Then a word on Mr. Whitehead’s comment. We have given 
all of the results we obtained. Of course, they are open to 
various interpretations. There is absolutely a free field for that, 
and we have tried to leave that field free. We did find when we 
bent a cable a good many times and tested it that it showed a 
sharper rise in the curve than cable which had not been mal¬ 
treated, but whether that is due to ionization or something else, 
I do not know. That is merely a theory. 

I want to defend that rule on another point. Mr. Torchio 
spoke of tests on a 0000 cable at 260 amperes. With the 105 deg. 
rise which the Bang and Louis paper spoke of, I think the current 
is about 100 amperes. How in the world could a Standards 
Committee have put out a rule for the carrying capacity of 
cables that would equalize such data ? 

One other thing in regard to Mr. Torchio’s figures—while I 
have not had'a chance to compare them, his cable had about 
10/32 or 11/32 in. thickness of insulation, and worked at 6600 
volts, so that the stress per 32d was comparatively low, and 
naturally you get very low power factor losses there. If he had 
pushed up his voltage stress per 32d as it is pushed up in the 
25,000-volt cable the dielectric losses would, of course, be much 
more important. 


Delafield Du Bois: I want to suggest a possible explanation 
Peculiar curves between specific resistance and voltage, 
as brought forthin the Clark and Shanklin paper, and discussed in 
part by Mr. Torchio. We know that in oil, moisture can exist in 
two forms, either in condensed form and globules, or in an ab- 
sorbed state, exactly the same as moisture exists in air, either in 
the form of drops or globules, or as absorbed in the air. In the 
same way, whether the moisture is in the form of globules or 
absolved moisture depends largely on the temperature. It 
would seem that the curves at 25 deg., showing a great falling off 
^ with increase in voltage, were due to the presence 

ot this moisture in the insulation or oil in the form of globules, 
and as the oil becomes heated, we would expect that phenomenon 
to disappear, as the water was absorbed by the oil. I think the 
phenoinena can be explained in that way without resorting to 
loniz^ion, or at least ionization may have some effect, but the 
fact that the moisture is absorbed by the oil as the cable becomes 
hot IS largely responsible for the shape of the curve shown in this 
paper. 


Edward B. Meyer; Referring particularly to Mr. Roper’s 
paper on high-tension joints. I believe that, as already stated 
by one of the previous speakers, the most important factor 
entenng into the making of a satisfactory joint is the education 
of the sphcer In the system of the Public Service Electric 
Company of New Jersey we have quite a number of 13.200-volt 
underground cables installed by our own men. Some four or 
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five years ago we found a number of the new cables installed 
failed under the initial high-potential breakdown test. Analysis 
of the failures developed the fact that most of the failures 
occurred in the splices made by one or two of the six splicers 
who had worked on that particular installation. We then 
conducted a campaign of education among our men, and after 
carefully working up a set of specifications we found that our 
joint-making methods were considerably improved and that the 
failures on high-tension joints were reduced. It seems that the 
importance of paying attention to the minute details in the 
making of the joint does not receive proper consideration, so 
that it is necessary to properly educate the men before you can 
expect to obtain good results. 

Now, then, in reference to the heating of cables, we have also 
experienced some trouble from that source. Last year on account 
of the late delivery of cables, it‘was necessary to operate some of 
our tie feeders at almost continuous maximum load, thus result¬ 
ing in a very high load factor. After two or three days of con¬ 
tinuous operation, the cables failed. The cables were found to 
fail at loads very much under the normal rating of the cable. 
In the case of the 350,000-cir. mils three-conductor cables, our 
normal rating is 300 amperes, whereas the tie feeders failed in 
some cases with a load under 200 amperes. Radial feeders in 
the same conduit line and in ducts adjacent to the cables which 
failed carried 300 amperes and their load factor was considerably 
less, with the result that they did not fail. We made a change in 
our system b}^- operating some of the smaller generator ■ units 
in such a way that the load factor of the cables was reduced, 
resulting in less interruptions to our service, owing to the fact 
that the cable temperatures were maintained within reasonable 
limits. With the high load factors the sheath temperatures in 
some cases went as high as 150 deg. fahr. resulting in failure. 
Recently we again discovered some trouble on the same line, 
and investigation showed that a steam main crossed our duct 
line, and since this condition has been taken care of the cable 
failures have ceased. 

John L. Harper: Mr. Roper has asked a question regarding 
the voltage and power factor in the cable system to which my 
paper referred. The working voltage was 12,000 volts, and the 
particular line that I had reference to, where we tried out this 
method, had about 85 per cent power factor. 

Mr. Roper’s remarks in regard to the submerging of the cables 
leads me to believe that most engineers have felt about the sub¬ 
merging of the cable much as one feels toward the method of 
taking a bath by falling off a dock rather than having a shower 
bath, or preferably by the prepared tub method. We have all 
had bad experiences with cable ducts being submerged and then 
trying to get the water out—^we have had to pump out miles of 
it, and a considerable part of our time has been spent in getting 
our conduit systems properly drained so that they would be dry. 
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In our particular system at Niagara Falls all of our manholes 
are drained to the sewers, and in preparing for submerging the 
cables we have arranged stoppers in the drains from the manhole 
to the sewer, so that by pulling out a few of these stoppers the 
whole system can be drained quickly. The conduit would not 
dry out quickly enough to make a short interruption in the 
watering effective in heating the cable. We also found spots 
where the conduit will not hold water, for instance, where it has 
been built through rock, and the concrete surrounding the ducts 
is so porous, that the water seeps out through the rock and 
down through the sewers. Under those circumstances, we have 
arranged a spray beside the cable at the end of the duct, and 
found in taking up the center of a 500-ft. line that the conduits 
were quite damp in there, and that the humid atmosphere carried 
away the heat even if the water did not go clear through. 

^ In regard to Mr. Clarkes remarks on the deterioration, from 
air and water of the lead sheath surrounding the cables, in our 
city they require all permanent service water pipes put under 
pavement to be made of lead, so that I believe we will not find 
any immediate difficulty from the lead sheathing oxidizing or 
deteriorating. 

I would, be very glad to hear further discussion as to the 
probable life of underground cables. Engineers who have had 
to get out plans for financing the construction of conduit lines, 
or the writing off of underground cables, determining amortiza- ' 
tion factors for the conduits and cable systems, etc., never have 
hesitated to place the time required for replacing an ordinary 
cable at fifteen years, although I have personally had cables 
in operation longer than that time, and they seem to be in good 
condition yet. 


One of the later speakers made some comments in regard to 
the time required for making joints. In our experience at 
Niagara Falls, we find that it is better not to hurry the cable 
splicers too much, as the pempiration is liable to run off of their 
foreheads and get into the joint, and it sometimes makes a lot 
of new work necessary. 

Also about the educating of the cable splicers. There is a 
peculiar adaptation of the principle of education, applicable 
only to Niagara Falls. Of course, Niagara Palls is the center of 
the universe as to electrochemical work and nearly all electro- 
chemical processes have some refuse. The easiest way to get rid 
of this refuse is to dump it into the sewer. Our manholes draining 
to the sewer have at certain times become saturated with a 
compoimd known as chlor-benzol, one of the heavy gases from 
mumtion works; and a cable splicer going ipto a manhole gets 
his lungs M of this gas and reaches the condition that one would 
expect to be in when he had ten cocktails. If there is any educa¬ 
tion that we can give a cable splicer in how to avoid the effects 

■.•mW Roper’s paper, referring to cable- 

joint filling compound he says: “It should have sufficient dielec- 
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trie strength for the purpose, which strength should not be 
materially reduced at the maximum operating temperature of 
the cable.” I wish to contribute a little information as to the 
behavior of some of these filling compounds at low temperatures. 

A couple of years ago when investigating the behavior of a 
filling compound made up of rosin oil and vaseline used in the 
joints of an English cable supplied to. one of our large public 
service corporations, I found that failures occurred more often 
at low temperatures than at high temperatures. I took a sample 
of this compound and tested it in the laboratory. At temper¬ 
atures within the range of the observations recorded in the 
papers under discussion, the compound behaved satisfactorily; 
that is,’ it had a high dielectric strength and gave no trouble. 
A thickness of this compound which withstood '40,000 to 45,000 
volts over a wide range of temperatures above 15 deg. cent, 
being quite as good at high temperatures as at the lower ones, 
when subjected to such temperatures as exist in the earth in 
the winter time, in the vicinity of the freezing point, broke down 
after being subjected to 14,000 volts for 45 minutes. 

Reference is made in the paper by Clark and Shanklin to the 
change of constitution, the stability, as it were, of the compound. 
In the case cited above there appears to be a distinct change of 
constitution of the compound, and not so much a chemical as a 
molecular or mechanical change. For example, in a cable joint 
filled with this compound, we found that after it had been sub¬ 
jected to high electrical stresses for a considerable period at low 
temperatures, the compound, instead of having a buttery or 
wax-like structure, had a very distinctly granular structure, 
which was preliminary to failure. Thus there are cases in which 
the low temperatures are most to be feared. 

Referring to the paper of Messrs. Bang and Loxiis, I wish to 
add a little to my question in regard to the method of measuring 
the dielectric losses and to support what Mr. Robinson said in 
regard to the probable errors. I feel quite confident that these 
errors are of sufficient magnitude .to affect the results materially. 

Referring to the subject of ionization and internal corona, 
there are a few experimental facts which have come to my atten¬ 
tion which may be of interest. First, in connection with rubber- 
covered stranded cables. Where the rubber is pressed in be¬ 
tween the strands it does not always penetrate much below the 
outer circle of the conductors, thus leaving little V-shaped air 
sections. Where the rubber bends away from the copper strands 
there is sometimes a sufficient voltage gradient to cause corona. 
The effect upon the rubber compound is to produce what appears 
to be cuts transverse to the axis of the wire. Sometimes the 
cuts are close together and sometimes far apart. Sometimes 
they are located in groups more or less widely separated; but in 
every case they occur along the line where the rubber bends 
away from the copper, ix,, where there is a high gradient in air. 
The cuts are not ordinarily visible to the naked eye until the 
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rubber sheath is bent backwards so as to open the cuts The 
depth of the cuts is a function of the voltage and of the time 
e.g. a cable which failed under a quick rise test at about 65 000 
volts failed in 45 minutes at 10,000 volts. Samples cut off 
from the test piece in the long time test at various stages showed 
a progressive deepening of the cuts, even to a depth equal to 
three-fourths or more of the wall thickness, before failure oc¬ 
curred. 

The same* wall of insulation, made of the same material but 
squeezed further into the V’s between the strands withstood a 
long time test of 25,000 volts without corona cutting, because 
the point at which the rubber bent away from the copper was 
so far down in the V as to reduce the gradient in the air below 
the corona point. 

In many cases where the between-strand penetration was on 
the whole good, corona cutting and failures were almost always 
traceable to locally defective penetration, or to air spaces due 
to the buckling of the wall away from the copper. In other 
words failures occur in nearly every case as a result of internal 
corona in air spaces when the maximum gradient in the rubber 
compound itself is considerably below its dielectric strength. 

Although this corona cutting in the rubber compound appears 
to the naked eye as clean knife-like cuts, examination with a 
microscope shows the walls of the cuts to be burned or fused, 
the appearance resembling that of furnace slag on a small scale. 

With paper-covered cables there are also occasional signs of 
internal corona although its effect is different owing to the 
different nature of the dielectric. . The evidence is also more 
rare since the whole cable is ordinarily pretty thoroughly im¬ 
pregnated under vacuum, so that in the perfect cable there are 
no air spaces. However, the examination of a paper cable 
after failure frequently reveals dry insulation, i.e. imperfect • 
impregnation in the region of the fault. 

It is practically impossible to make up a cable joint without 
some such air spaces. This is undoubtedly the reason for tiae 
relatively large number of failures in joints in spite of the iaot, 
that the total thickness of insulation is greater there ^tfeah iii 
the cable itself. 

What happens within a joint or cable during a high-voltage 
test is of great interest and of' practical importance. Some 
light was thrown on this subject by some rather elaborate tests 
on 25,000-volt cable joints made for one of our large public 
service electric companies a year or two ago. During these 
tests we listened carefully to the sounds within the joint either 
by placing the ear directly on the joint casing, or through the 
medium of a stethoscope. 

When the voltage reached about 15,000 there commenced a 
gentle “sizzling” sound as of a light brush discharge, With 
increase of voltage, this sound gradually increased without 
changing its general character. When, the 'voltage reached a 
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certain point (from 35,000 to 70,000 depending upon the joint) 
a new sound, which we called ‘"spitting,” developed. This 
spitting was intermittent and at irregular and sometimes con¬ 
siderable intervals. It sounds very much like a breakdown of 
the insulation with a quick reestablishment thereof. In fact in 
joints where the chief insulation consists of a semi-liquid filler 
compound, these spits are actual failures which heal themselves 
when the alternating short-circuit current passes through its 
zero value, as shown by oscillograms. But in the case of paper 
wrapped joints, impregnated, the spits involved only a partial 
failure. The inner layers of paper were punctured, the dis¬ 
charge then spread along the joint between adjacent layers of 
paper and was apparently carried as a very high-frequency dis¬ 
placement current through the outer layers of paper over a 
comparatively large area, as there was no evidence whatever of 
a puncture of the outer layers. After the spit the puncture of 
the inner layers was apparently healed by the melted impreg¬ 
nating compound. 

These spits were such as to be very noticeable to a trained 
observer, but not to the ordinary tester stationed at the switch¬ 
board some distance from the test sample, and not at all in the 
case of the test of a cable laid in the ground unless some special 
device is employed for this purpose. 

Even when no spits occur it is altogether probable that internal 
corona or other unobtrusive discharges will in time gradually 
weaken the insulation to the breakdown point whenever there 
are air spaces or voids subjected to sufficiently high stresses. 

The moral of all this is that our present methods of testing 
high-voltage apparatus in some cases partially destroys the 
insulation without actual failure of the ordinarily detectable 
sort. 

In some cases our test specifications are at fault and in some 
cases the test methods are defective. 

D. W. Roper: It is very interesting to note that Messrs. 
Clark and Shanklin have determined from their experi¬ 
ments that they can distinguish between a good cable 
and a poor cable by some measurements on a short length 
of the cable. It is j^erhaps somewhat discouraging when you 
go into the detail to find out that they tell the difference by 
reading the power factor of the charging current when you 
apply high-pressure testing current to the cable, and then to 
learn in another portion of the paper that there is only one 
instrument in the country that can make these measurements 
properly. We hope they will continue their work until they 
devise some method of discriminating between good and bad 
cables that is available to some of the other members of the 
profession. 

The question was raised regarding the life of underground 
cables. In Chicago there was installed about twenty years ago ' 
some 00 three-conductor paper-insulated cable on 9000 volts^ 
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and operated on that pressure up to about three or four years 
ago, at which time its use was discontinued when we abandoned 
the Harrison Street station. During the past winter this cable 
was pulled out of the conduit, installed at another location and 
again put in service on 12,000 volts. It has been in service for 
a number of months without any trouble. That may give some 
clue as to the life of high-tension cable. 

Some question has arisen regarding the accuracy of the measure¬ 
ments given in the paper by Messrs. Bang and Louis. It may 
be of interest to know that the results which they give were 
confirmed by some tests which we made two years ago in an 
entirely different way. The tests were made by heating up a 
length of cable with inverted current transformers, so that we 
could at the same time apply normal working pressure to the 
cable by means of potential transformers which were also work¬ 
ing inverted. The conductor temperature was measured by 
means of thermopiles soldered directly on to the conductors and 
brought out through small holes in the lead, which were pro¬ 
tected by means of a little oil cup, a homemade affair, to prevent 
breakdown at that point. Although the results we obtained are 
not exactly the same as submitted by Messrs. Bang and Louis, 
the results are very similar, and show the marked difference in 
the temperature of the conductor due to the different kinds of 
insulating materials. 

Claude N. Rakestraw: In the fifth paragraph of Mr. Harper's 
paper, he says, ‘‘Assuming cables to be made of good material 
and with good workmanship and design, I venture to propose 
the following as the fundamental causes of failure, viz: Joint 
troubles, mechanical injury to lead sheaths, and overheating.” 
It seems to me that he has eliminated from consideration one 
of the most important causes of failure, and that is the electro¬ 
lytic failure. Trouble with electrolysis is one thing which the 
operating engineer always has to fight in the large cities, and is 
one of the most difficult troubles to overcome of those which 
he encounters. Perhaps Mr, Harper intends to include electro¬ 
lytic troubles under the term “mechanical injury to lead sheaths”. 
In any event it would seem that in regions where electrolytic 
injury of the lead sheath is present, or apt to be present, the 
submerging of cables in water is apt to accentuate the trouble, 
and not only to aid in the destruction of the sheath, but once 
an opening has been made in the sheath to admit the water 
that will complete the destruction of the cable. That is one 
point which the paper has not taken into consideration. 

Mr. Roper says: “It is probable that no two operating compan¬ 
ies qse the same methods and materials in making up their 20,000- 
volt cable joints.” That is undoubtedly true, and I would make 
the suggestion that the Committee on Transmission and Dis¬ 
tribution might well arrange some kind of a symposium asking 
•the various operating men in the various cities of the country 
to give a brief description of the kinds of joints they make, the 
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materials they use, the failures they encounter, etc. If such 
a suggestion is well thought of, such a symposium could be ar¬ 
ranged, and I think it would provide a mass of data which 
would be of great assistance to all of the operating engineers. 

H. E. Weightman (by letter): I do not believe it is advisable 
to use water in the ducts to keep the cables cool as has been 
suggested, on account of the possible effect of electrolytic cor¬ 
rosion due to a lowering of the specific earth resistance on the 
application of water. 

Further, it would tend to increase the life hazard in testing or 
repairing in cable manholes with any of the cables live and it 
is not always possible to kill all circuits in a manhole when 
repairing one. 

It seems to me that larger ducts, say six inches (15 cm.) 
diameter and ventilated manholes would help solve the problem. 
If duct runs are too long for good ventilation why not run 
small vertical risers to the surface at intervals to help air cir¬ 
culation. These risers 'could be located at the summit between 
manholes. 

P. H. Chase (communicated after adjournment): The papers 
by Messrs. Bang and Louis and by Messrs. Clark and Shanklin 
do not state whether the conductors were round or sector shape. 
I believe that some valuable information might be obtained 
from comparative tests on cables of round and sector-type con¬ 
ductor. These would show the difference in dielectric losses 
between the two shapes of conductor, which is to be expected 
from theoretical considerations, for it is evident that with a 
sector type of conductor, there is a very material concentration 
of stress at the points of relatively sharp curvature. This con¬ 
centration cannot exist to as great an extent with round con¬ 
ductors. Consequently there must be increased dielectric 
losses and higher temperatures at these points. The cable 
therefore is comparatively weak at these points, a factor of 
greater importance, the higher the voltage. 

Though exact data are at present lacking, it has appeared 
from the experience of one operating company that the failures 
on the cables having sector conductors have developed more as 
short circuits between conductors rather than as faults to ground, 
which seems to point toward insulation weakness between con¬ 
ductors. I mention this point in order, if possible, to bring out 
any experience 'bf other operating companies along the same 
lines, which indicates a relative increase in failures of cables 
with sector conductors, compared with cables having round 
conductors. Of course, some weight must be given to the fact 
that cables with sector conductors have a greater heat loss per 
fcmt with a less than proportionate increase in outside surface, 
and also that duct lines in the past few years have tended to 
Income more and more congested; with a resulting increase in 
the operating temperature of the cables; but on the other hand, 
it is to be expected that the insulation on the earlier cables had 
deteriorated and therefore would be more liable to failure. 
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In the paper by Messrs. Clark and Shanklin, reference is made 
to a type of 3-conductor cable described by Mr. Hochstadter, 
which has a thin sheath over each conductor, and the belt insu¬ 
lation is eliminated. I would like to know if any members have 
had any experience with this type of construction, particularly 
on higher voltage work. 

R. W. Atkinson (communicated after adjournment): The 
study and thorough knowledge of the problems of dielectric 
losses in high-tension cables are of two fold importance. Most 
obvious is the direct effect of these losses upon temperatures 
and upon current rating. A far greater amount of data are 
required to throw light on the problems which concern the life 
of a cable and the permanency of its original properties. 

A very brief description of a method of measurement which 
has been used very successfully by the writer during the past 
several years is in order. The instrument itself is a reflecting 
dynamometer. The fixed coils of the instrument are connected 
in series with a non-inductive resistance shunted across the test 
specimen. The moving coils, two coils arranged astatically, 
are connected in series with the specimen under test. An 
arrangement of shunts makes it possible to adjust the instrument 
to take care of any specimen from the smallest to one taking a 
charging current of several amperes. By™an arrangement of 
switches, the same instrument is used as an ammeter to measure 
the charging current of the specimen. There are certain small 
residual errors in phase angle of the different parts of the circuit; 
these have been measured and calculated and compensation has 
been made for them. Of late, the apparatus has been used with 
special voltmeter coils so as to avoid the necessity of high- 
resistance multipliers for the shunt coils of the wattmeter. The 
phase-angle errors which would otherwise exist due to reactance 
of the voltmeter coils have been compensated by comparison 
between measurements by this method and by the older one. 

The same apparatus has been used for measurements of energy 
loss with three-phase voltage applied to three-conduictor cables. 
An arrangement of switches makes it possible to connect the 
single-phase wattmeter successively from one phase to another, 
the instrument and switches being at all times near ground 
potential. 

The writer has been very much interested in calculation of 
three-phase losses from single-phase measurements, as outlined 
in the paper by Messrs. Clark and Shanklin. In some cases, 
the agreement between three-phase power factor as calculated 
from single-phase measurements by the methods outlined by 
them, and the actual measured power factors, is very satisfac¬ 
tory. In other cases, the disagreement is very consideraMe, " 
m some cases being such that the single-phase results themselves 
show the method of calculation to be not applicable. This 
latter condition occurred where the voltages on specimens with 
insulation thickness less than that of the three-conductor cable 
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on which the three-phase calculations were made by the authors, 
were carried as high or higher than the 25 kilovolts used by the 
authors. In some instances, the quantity W 3 ' became negative. 
Of course this extreme result can be explained in a measure by 
consideration of the fact of the different magnitudes of the 
stresses in portions of the cable as mentioned by the authors. 
The point is raised, however, that it is not allowable in general 
to calculate three-phase losses as suggested in the paper, without 
full knowledge of similar cable actually tested under three-phase 
conditions. 

The writer has made a great many comparisons between 
the three-phase power factor and the power factor of a differ¬ 
ent single-phase test. This single-phase test consists in ap¬ 
plying voltage to two of the conductors of a three-conductor 
cable, the third conductor being connected to the sheath and to 
the grounded middle point of the transformer, the conductor 
under test being connected to the two extreme terminals. For 
convenience, and by analogy with telephone cable testing, we 
have called this single-phase test a ‘'mutual” test. There is 
always some little difference between the three-phase power 
factor and the mutual power factor, but we have found the two 
fairly well comparable under a wide variety of conditions. The 
simpler single-phase measurements will, however, continue to be 
extremely useful on account of their very much greater conven¬ 
ience, for comparison of specimens actually closely similar and 
for general comparison of even quite different specimens. 

Extremely valuable data in the study of dielectric losses are 
the variation of these losses with frequency. The writer has made 
measurements of dielectric losses of a good many specimens on 
both 25 cycles and 60 cycles. The loss at 25 cycles is always 
somewhat less than the loss at 60 cycles and, in some cases, is 
lower in almost direct ratio with the frequency. In other cases, 
there is little difference between the losses at the two frequen¬ 
cies. In general the losses at one frequency cannot be stated in 
terms of the losses at the other and it is hard to make any specific 
general statements regarding the relation between the losses at 
the two frequencies. The tendency is for the losses at the two 
frequencies to be relatively closer together at high temperatures 
than at low temperatures. Where there is a considerable in¬ 
crease of power factor with voltage increase, the tendency is 
for a greater difference between the losses at the two frequencies 
to occur at the higher voltages. 

In order to vshow how extremely satisfactory dielectric loss 
characteristics may be combined with other obviously unsatis¬ 
factory general characteristics, the writer had prepared a sample 
of 3-conductor cable consisting of 3 conductors No. 0000 B. & S.G. 
insulated with 8/32 in. (6.3 mm.) dry paper around each conduc¬ 
tor, the whole being laid up with filler and cabled and then covered 
with a “belt” insulation of 2/32 in. (0.794 mm.), of paper. This 
cable was made up in all particulars in the same way as an or- 
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dinary cable except that though it was thoroughly dried, it was 
not saturated with insulating material of any description but 
was lead covered immediately after removing from the drying 
oven. Dielectric-loss tests were made upon this cable. It was 
found that the losses at all temperatures were extremely low and 
particularly was it noticeable that the effect of increase in tem¬ 
perature was extremely small. Even at a temperature in excess 
of 100 deg. cent., the loss at 13,000 volts 60 cycles 3 phase was 
less than 0.1 watt per foot. Other very interesting data were 
obtained, but this serves for illustration. It is obvious that 
such a cable would be actually used only in some condition 
where dielectric losses are of more importance than^ any con¬ 
dition ever likely to exist in practise. Moreover, it is obvious 
that the fact that this cable is capable of withstanding certain 
extreme conditions which would not be withstood by other types 
of cables, is no evidence of its superior qualities for practical 

purposes. , • r xi s 

There seems to have been some consideration of the use ot 

high-voltage cables at excessive temperatures. There are a 
very great many more considerations involved in the use of 
high-tension cables at excessive temperatures than the mere 
question of dielectric loss of the cable at time of manufacture or 
installation. One comparatively obvious consideration will be 
discussed. Starting with the assumption that the cable, as 
manufactured, is thoroughly filled with compound, and is in¬ 
stalled in such a way that no compound is lost, nor has oppor¬ 
tunity to escape in service, the question arises as to what will 
happen when the cable is heated and the compound expands. 
The answer is that the pressure of the expanding compound will 
permanently stretch the lead sheath. When the cable cools 
obviously its condition is different than before,^ and will con¬ 
tinue to change as the compound gradually drains toward the 
lower portions of the length of cable, particularly in those lengths 
which are installed on a hillside. Means have been proposed 
for providing for this expansion and contraction of the cable 
compound. C. W. Davis has suggested the use of expansion 
chambers at the joints, so designed that when the cable cools 
the original compound is forced back into the cable. As the 
writer understands, in the test by Messrs. Clark and Shanklin, 
their test specimens were subjected to the various heat cycles 
with both ends submerged under oil. If any of the insulating 
material is expelled by the expansion due to heating, its place 
will be taken by the influx of the oil under which the ends were 
submerged, when the cable cools. 

We have tested a piece of cable and found it to show no greater 
effect from heat cycles than the cables tested by Messrs. Clark 
and Shanklin when tested with the ends submerged in oil. 
We have then taken the same cable and have subjected it to a 
heat cycle with a maximum temperature of 130 deg. cent. The 
ends of the cable were, however, treated differently; they were 
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sealed by pouring around them in a paper cone, a high melting 
point resinous material, completely covering the conductors. 
However, during the heating of the cable, a considerable amount 
of the insulating compound—a mineral oil by the way—was 
forced from the ends due to its expansion. We give below a 
short table showing the effect of the removal of the compound, 
upon the single-phase power factor, these tests being made at 
room temperature. 

Kilovolts 5 10 16 20 25 30 

Power factor before heating 0.8 0.8 1.2 2.25 3.8 6.3 

“ “ after heating.. 0.8 0.8 1.3 9.5 19.4 22.0 

The problem of dielectric losses is a broad and important one. 
It must be considered with due regard to its place as one of 
the many problems of dielectric characteristics. 

H. W. Fisher (communicated after adjournment): There is so 
great a variety of vegetable and mineral oils and compounds that- 
at the present time it would be impossible for any one to state 
definitely whether all mineral or all vegetable compounds would 
be the most satisfactory for high-voltage cable purposes. It is 
the opinion of the writer that the best results may be obtained 
by the proper combination of one or more kinds of vegetable and 
mineral oils. 

Low dielectric loss is not the only consideration. Mr. Atkin¬ 
son has shown in his discussion that a cable made with perfectly 
dry paper has a lower dielectric loss than almost any other type 
of cable and yet no one would want to use such a cable for high-' 
voltage transmission. In our experimental department we have 
made cables, with certain mineral compounds, which had re¬ 
markably low dielectric loss and yet the cable would not have 
been suitable for practical operation because the compound 
was so fluid that it would be certain to flow from high to low 
points after such a cable was put in service. 

The lead of a cable is unavoidably stretched during the process 
of installation and hence there are places into which compound 
can gradually flow_ if said compound does not have sufficient 
viscosity at high temperature. The viscosity of cable compounds 
therefore is something that must not be overlooked. 

The real test of a cable is the length of its life under ordinary 
working conditions. Therefore any conservative manufacturer 
is slow to adopt a new compound until he has reasonable evidence 
that cable saturated with said compound will have a long life 
under the usual conditions occurring in practise. 

At one time the writer helped to develop a compound which 
had remarkably low dielectric losses at high temperatures. 
Cables saturated with this compound showed equally low 
dielectric losses, but when samples of the cable were subjected 
to 13,000 to 15,000 volts, under temperatures occurring in 
practise, the cables finally broke down and an examination 
revealed the fact that o'wing to the fluidity of the compound at 
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high temperatures, there were comparative dry spots at different 
points of the cable where the break downs occurred. 

This indicates the desirability of using compounds which are 
not too fluid at high temperatures. 

Developments made on the suggestions of the writer were 
instrumental in producing a compound which had very remark¬ 
able viscosity properties, the viscosity changing very little from 
ordinary temperatures up to temperatures of about 100 deg. cent. 
Here was a compound which,'so far as viscosity was concerned, 
seemed to be ideal but when it was subjected to other tests, it 
was found that its power factor was very high at high tempera¬ 
tures and that it had unstable characteristics which absolutely 
prohibited its use as a saturating medium for cables. The writer 
has referred to this remarkable compound in order to illustrate 
how difficult it is to secure material which has idealistic charac¬ 
teristics in all respects. 

In the above discussion, the writer does not wish to be under¬ 
stood as going on record that fluid compounds may not be used 
with success in the construction of cables, but it is his opinion 
that very fluid compounds cannot be used in paper-insulated 
cables as they are made, installed and operated at the present 
time. 

A. F. Hovey (communicated after adjournment): Regardless 
of what method of joint making is adopted, Mr. Roper’s sugges¬ 
tions are to the point and if they are carefully carried out good 
joints should result. The cable company with which I am con¬ 
nected has been making use of a paper-tube joint since 1903 and 
where this joint has been made by our own workmen we have had 
exceptionally good results with it, on all voltage up to and includ¬ 
ing 25,000 volts. In fact at 25,000 volts, in so far as our records 
extending over several years permit us to say, the evidence seems 
to clearly support the belief that we are having no more trouble 
than we would expect on 10,000 or 12,000-volt joints, and we 
have had exceptionally little trouble at either voltage. While in 
general, the method of making tube joints for 25,000 volts is 
similar to that for 12,000 volts, greater care is exercised through¬ 
out for joints at the higher voltages and we do not permit our 
men to make such joints until they have become skilled while 
making experimental joints. We have found that properly 
naade joints using paper tubes will easily stand operating condi¬ 
tions equal to those, that the very highest class cable will stand. 
Tests for breakdown and for dielectric loss at various tempera¬ 
tures indicate that joints made with such materials as we have 
selected for high-voltage work will not deteriorate under opera¬ 
ting conditions in the way indicated by Mr. Harper, in his paper 
on “Problems in Operation and Maintenance of Underground 
Cables.” 

Obviously, the temperature of a joint is so much lower than 
the maximum temperature (roughly mid-way between man¬ 
holes) to which the connecting cable is subjected that nothing 
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like the same requirement exists for low dielectric loss in the 
jointing compound and jointing material that exists in the 
materials used in the body of the cable itself Besides, the 
separation of the conductors is greater in the joints than in the 
cable and this again, reducing the stress, tends to also reduce 
the loss at any given voltage and temperature. It is only for 
working voltages above 15 or 16 kv. that there would seem to be 
any great need for a filling compound which, when mixed with 
the cable compound, woidd not result in a material having 
markedly greater dielectric loss at high temperature or lower 
puncture strength than the cable compound with which it is 
used and even this need must be felt only under the most ex¬ 
ceptional conditions, as for instance near long vertical runs in 
hot stations, vaults or manholes. The compound that I have 
made use of during the last couple of years for the very high-volt¬ 
age cables has a dielectric loss at high temperature even when in¬ 
termixed either with mineral or vegetable compounds, which is 
quite low^ and probably far lovN^er than there is any necessity 
for, because my experience is directly contrary to Mr. Harper’s, 
and even where we have made use of jointing compounds of 
relatively high dielectric loss and lower puncture strength at 
higher temperatures than the 25,000-volt compound I have just 
referred to, we have found but one case in 15 years where we 
can, with any good reason, attribute joint or cable failures to an 
inter-mixture of jointing and cable compounds. 

Our present method of making high-voltage joints involves the 
use of a vertical chimney at one end of the lead sleeve. The lead 
sleeve is so arranged that the end with the chimney shall be low 
and the end for the out flow of compound shall be at the high end 
of the lead sleeve. The compound is then poured into the lead 
sleeve through the chimney. The inclination of the sleeve and 
the current of hot compound which we force through the sleeve 
at high temperatures, but at temperatures that will not injure or 
deteriorate the tubes or cable insulation and to the extent of two 
or three gallons before we allow the filling compound to remain 
in the sleeve, entirely washes out moisture and air. So far as we 
know this is the best method of accomplishing this particular 
result, at least with tube joints. The idea is due to one of our 
engineers, and I believe a patent application has been made 
covering the method in question. 

Mr. C. W, Davis was the first person in this country, so far as I 
am aware, to propose the use of vacuum filling for high-voltage 
joints. The idea occurred to him about 1905 and a patent 
application was filed at the time. Later, however, it was aban¬ 
doned. We have made a very considerable number of tests on 
joints using vacuum, both with hard filling and soft filling com¬ 
pounds, but have never been able to achieve results which were 
as good as were achieved regularly with our standard methods, 
unless we went to such abnormal care as to increase the cost of 
the joint to a prohibitive expense. Our present day joints, 
using paper tubes, for 25,000 volts are still made without vacuum. 
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In the early days of high-voltage cable practise, the company 
with which I am connected made joints using very soft oily 
filling compounds. These compounds have many advantages, 
but they have a very great disadvantage where the cable ^is laid 
on an incline, or where one part of the section of cable is at a 
higher level than the other. We found back in 1903 and 1904 
that with oil filling the oil would, in some cases, practically 
empty itself out of some joints and run for long distances through 
the cable, into joints at a lower level. While we make it a prac¬ 
tise to-day to use oil filling at times under exceptional conditions, 
we prefer, as a general thing, to use a rather harder compound. 

H. C. Louis (communicated after adjournment): Answering 
some criticism regarding our methods of measurement, it is 
admitted that there may be some question as to the. absolute 
accuracy of these for measuring very small losses, but they are 
sufficiently accurate for measuring higher losses. At low tem¬ 
peratures the dielectric losses are very low, but when they are 
low their relative effect is small, so consequently it is of no great 
importance for our purposes to measure these with refined 
accuracy. However, at higher temperatures the dielectric losses 
being higher, they are of great importance, consequently it is 
of importance that the measurements here be accurate. It is 
at these higher points that our method is accurate, and.is of 
more than sufficient accuracy to show up marked differences, 
where such exist, between different cables. 
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THE INSULATOR SITUATION 


by w. d. peaslee 


Abstract of Paper 

This paper gives a r^sum6 of the insulator situation as it 
exists at the present time and shows the gradual increase in 
requirements that have been held essential to a successful 
insulator, 

A statement of the apparent causes of the very rapid deteri¬ 
oration of insulators, even when stored and subject to no electric 
stress is given, and the conditions necessary to the production of 
an insulator that will reduce this deterioration cost are discussed. 

Microphotographs showing the structure of the porcelain from 
several insulators are given. Interesting flows and defects 
common to porcelain insulators are shown. Three rrieans are 
given for improving the insulator situation, one of which is the 
use of fused quartz as an insulator material, the laboratory 
feasibility of which has been shown. Investigations as to the 
commercial manufacture of quartz insulators are under way. 


T he insulator situation has for the last few years en¬ 
gaged the earnest thought of all engineers directly or 
indirectly responsible for the operation and maintenance of 
high-voltage transmission lines. 

Not long ago the following general postulates were laid down 
by some operating engineers, despite the warnings of some 
research men, as the ultimate requirements of insulators for 
reliable service, and much was written in the technical press 
regarding efficiency as applied to line insulators with respect to 
these features. 

1 . The insulator must not flash-over at operating voltage even 
when dirty and wet. 

2 . The insulator should flash-over on excess voltage at normal 
frequency and not puncture. 

3. Sufficient surface leakage distance should be provided to 
prevent excessive leakage current. (To prevent burning of 
wood poles and pins.) 

4:. It should be mechanically strong enough for the load im¬ 
posed upon it. 

Insulators by the carload have been made that meet fully 
those requirements, as far as normal frequency voltages ar§ 
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concernedj that is, those that do not fail under factory test do. 
These new insulators, designed according to the best then exist¬ 
ing engineering knowledge, were placed on our transmission 
lines and the insulator manufacturers began the study of making 
more and cheaper insulators while the engineers operating the 
lines began to get interested in other things, when the insulator 
situation again became of prime moment. 

It was found that after about two or three years in service 
these insulators were failing at a rate of from 10 per cent to 40 per 
cent per year, apparently without logical regard to location or se¬ 
verity of service, climatic or electrical. Many very valuable and 
brilliant methods for detecting insulators about to fail were 
developed and the best that was hoped for was a chance to take 
them off when convenient before they went out at an inoppor¬ 
tune time. 

About this time a rather startling fact was discovered by 
several investigators almost simultaneously. If a certain lot of 
insulators,, having passed successfully factory routine tests, are 
placed in a warehouse for a couple of years, a goodly per cent 
of them will fail at the end of that time on tests less severe than 
they passed to escape from the factory junk pile. In other 
words, they deteriorate at an alarming rate even doing nothing 
and apparently just ^^because'^ This experience the author can 
testify to with some regret, and it has been corroborated often* 
enough, so that it is now a well recognized fact among workers 
in this field. 

Not satisfied with the generally accepted theories in explan¬ 
ation of these failures the author began in 1914 an extended 
research into this field which finally led to the use of the micro¬ 
scope in an endeavor to ascertain, if possible, the mechanism of 
the failure of porcelain insulators. As a result of this micro¬ 
scopic work in connection with some experiments on transients, 
he laid down seven requirements in corroboration and extension 
of the four previously mentioned. 

By the time this paper* appeared the work had been further 
advanced by means of an excellent high-powered petrographical 
microscope and the results lead to a decided doubt as to the 
ability of the porcelain insulator to meet the situation at all, 
even under the best conditions of manufacture. 

From a study of the insulator troubles of several systems for 
the past three years, and from a microscopical analysis (using 

*W. D. Peaslee, A. I. E. E. Trans., Vol. XXXV, 1916, p. 1187. 
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polarized light and crossed nicols) of several hundred insulators 
whose records were known, the following points regarding the 
deterioration of the porcelain insulator seems to be pretty well 
established. 

1. Perfectly good insulators that will pass all sorts of tests 
right after manufacture deteriorate at an alarming rate even 
when not in use. I have personally known of insulators stored 
in a warehouse, all of which have passed test on an oscillator,’ 
and also 60-cycle flash-over. Two years later 14 per cent of these- 
insulators failed under 60-cycle flash-over. That is, they punc¬ 
tured at a voltage under the flash-over voltage. 

2 . It is very apparent that something takes place, inside the 
cap in a suspension unit, and between the shells in a pin-type 
unit, that causes this deterioration when not in service, though 
it is not impossible that the electric tests have some part in 
starting or causing some of this deterioration. 

3. There seems also to be grounds for suspecting that in some 
manner certain insulators deteriorate at a rather rapid rate due 
to dielectric stresses combining with other stresses in such a 
manner as to materially hasten the failure of the insulator. 

The- results of the investigations seem to show that four 
factors are of predominant importance in this connection. 

1. Mechanical stresses due to temperature changes neces¬ 
sarily resulting from the different coefficients of cubical expansion 
of the metal, cement, and porcelain; mechanical stresses due to 
the expansion of moisture in the cement on freezing and the 
changes in volume of cement with different moisture contents; 
and mechanical stresses due to improper firing and cooling of 
the porcelain. 

2. Dielectric flux concentrations due to improper design of 
insulator shapes and defects in the porcelain. This can be 
remedied, but its general effect* is as has been shown, to permit 
the stressing of the porcelain to very high values'by means of 
transients, which like the poor are always with us. 

3. Dielectric flux concentration due to the fact that the porce¬ 
lain is inevitably made of two or more materials of widely 
different physical properties, one isotropic and the others aniso¬ 
tropic in character, as strikingly shown by the microphotographs. 
It is well known that the dielectric constant or specific inductive 
capacity of an anisotropic medium is not the same in all directions 
but varies according to the angle between the p rincipal optic 

*W. D, Peaslee? A. I. E. E. Trans., Vol. XXXV, 1916, p. 118/. 
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axis and the direction of the electric force. With the random 
alignment of the anisotropic crystals in a porcelain body, rela¬ 
tively large, minutely local flux concentrations result. While 
partially fluid in the process of firing, most insulator shapes 
develop flow lines wherein the crystals, anisotropic in nature, 
align themselves in such a manner that the permittivity of the 
dielectric along these flow lines is considerably greater than in 
other portions, resulting in definite flux concentrations along 
these flow lines. 

4. Mechanical stresses due to the differences in coefficients of 
expansion of the constituents of the porcelain acting to establish 
a separation surface between the crystals. 

Considering the cement, the volume changes of Portland 
cement under change of moisture content are well known, and 
examination of the cement in two hundred and eighteen insu¬ 
lators whose history was well known has shown the following 
facts: 

All but fifteen of the insulators that had failed electrically 
(207) had cement whose absorption, after two hours baking at 
120 deg. cent, and four hours boiling in water, was over 12 per 
cent and in some failing quickly the absorption ran up to 46 per 
cent. Of those which had failed mechanically or were still good 
(11) only one had cement whose absorption ran over 6 per cent. 

While these data are no more than a surface indication they 
are offered as an indication of a possible source of deterioration. 
It can readily be seen that absorptive of such amounts of water 
the cement in such insulators must expand and contract viciously 
under temperature and humidity changes. Investigations are 
at present under way using various water-proofing compounds 
and different mixtures of cement to find the mixture that with 
a permissible strength sacrifice will give the lowest absorption. 
The preliminary results are encouraging and it is hoped that 
some valuable information will be available soon from these tests. 

The porcelain from which insulators are made consists in the 
main of partially dissolved crystals of silica (Si 02 ) in a ground 
mass of feldspar glass and crystals of sillimanite of a size de¬ 
pending upon the heat treatment of the porcelain. It has been 
found by some investigators that it is entirely possible and easy 
to determine within ± 25 deg.” cent, the temperature at which a 
porcelain has been, fired by the examination of a thin section 
under the microscope.* 

*TechnoIogic Paper No. 80 Bureau of Standards, Constitution and 
Microstructure of Porcelain, 
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Referring to Fig. 1 if the needles are anisotropic substances 
whose maximum permittivity occurs along the principal axis the 
resulting field distortion will be roughly as shown. Now com¬ 
bine a conglomerate mass of such needles scattered through a 
medium of different average permittivity still, and sprinkle 
through this a quantity of relatively large irregular anisotropic 
crystals of still different average permittivity and it will readily 
be seen that there are infinite possibilities for minute flux con¬ 
centrations, and whenever for a finite length of time the dielectric 
flux exceeds a certain value in a dielectric, the destruction of the 
dielectric is certain. Also, failure of the dielectric heats it, and 
the negative temperature resistance coefficient of porcelain 
renders a progressive breakdown extremely easy when the 
initial failure occurs. 



Microscopic examination of a great many samples has shown 
that the flow lines mentioned are mechanically weak and have a 
great tendency to develop minute cracks, apparently during 
cooling. These cracks are often lined or filled with crystals of 
sillimanite (AUSiOa) which are anisotropic and more or less in 
alignment. The combination of such cracks and the above 
mentioned flux concentrations along flow lines is a source of 
further weakness in the porcelain insulator. This point is 
brought out very clearly in several of the illustrations. 

If the four factors last mentioned are the predominant ones 
in causing insulator depreciation, we can of course lay out the 
requirements of an insulator that will avoid them. 

1 . A cement must be developed that will be elastic enough to 
take up the necessary changes due to expansion and contraction 
of the insulator parts under temperature changes. Condensite 
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and other compounds have been tried in this but so far as the 
writer knows, no positive results have been obtained that are 
as yet of commercial value. 

2 . Improve the design of the insulator to avoid flux concen¬ 
trations and the placing of dielectric of different permittivities 
in series and improve the workmanship to avoid defects. 

3. Make the insulator from an amorphorous, non crystalline 
substance, containing only one constituent, or only those of the 
same electrical and temperature characteristics. 

Certain of the compounds that have been experimented on 
give promise of some success as a cement of the character 
described, and fused quartz except for inherent difficulties in 
working is ideal as an insulator material. 

The temperature coefficient of expansion of fused quartz is 
about 0.000,000,59 or about one-fifth that of porcelain. Its 
dielectric strength is very high and its mechanical strength and 
elasticity are all that could be asked. It withstands indefinitely 
the action of high-frequency voltages such as those from the 
Poulsen arc and is to the action of the elements the most re¬ 
sistant material known. 

Due to its low temperature coefficient of expansion an in¬ 
candescent piece of fused quartz can be dropped into a pail of 
water without effect, except an apparent improvement in elas¬ 
ticity. This is a valuable property when it comes to running it 
into chilled molds. 

The drawback is that it has a tendency to evaporate before 
flowing enough to mold and on fusing to explode and form a 
milky substance full of tiny air holes and useless as an insulator 
and is also chemically very active at extremely high tempera- 
atures. Means of overcoming this have been found and until 
the microscope slides of the product were examined it was thought 
a perfect product had been secured, as the tiny carbon particles 
and bubbles so marked under the microscope in Fig. 10 and Fig. 
11 are not visible to the unaided eye, merely giving the quartz 
a blue color. Means have been found to overcome even these 
defects and on a laboratory scale the manufacture of fused 
quartz as an insulator material is assured. The problem now 
oiir attention is the production of this material in 
commercial sizes at a cost that will not be prohibitive. 

Conclusion 

A study of the growing mass of data on insulator deterioration, 
forces upon our attention the following insulator situation. 
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Fig. 2—300 Diameters—Taken From an Insulator Manufactured 

IN 1912 


This type has showed marked deterioration and has been removed from service by one 
company and replaced by another type—Note the shrink crack full of sillimanite crystals 
and the large partially rcsorbed quartz crystals showing in high relief—The darkness of 
the ground mass is caused by minute distributed sillimanite crystals—The darker bodies 
are aggregates of silli-^anite with some kaolin. 



Fig. 3—300 Diameters—Same as Fig. 2 [peaslee] 

TTken through crossed nicols showing anisotropic nature of quartz crystals (bright white 
masses) and of sillimanite (appearing as a light fog). 
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Pig. 4—300 Diameters—Section From a Well Known Make of 


High-Voltage Pin-Type Insulator 

Failed under test before being put into service—A is crack lined with silliminate crystals— 
B is a large partially resorbed quartz crystal—The dark masses are sillimanitc particles 
scattered through the glassy ground mass. 
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Pig. 5 300 Diameters—Same as Fig. 4 Except Under Crossed 

Nicols 


The dark portion of this and other slides taken under crossed nicols is the isotropic 
feldspar ground mass. 













Fig. 6—300 Diameters—Slide From an Insulator That After 
Passing Factory Test Was Stored in a Warehouse Two Years 

Failed under flash-over voltage when taken out—The crack A is apparently due to ex¬ 
pansion and contraction and is not a cooling crack as no crystals have formed in it The 
cement in this insulator was very porous and showed the effects of expansion and contrac- 
tion—Note the flow structure crossing the picture between the large quartz crystals and the 
alignment of sillimanite along this flow. 
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Fig. 7—300 Diameters— Same as Fig. 6 Under Crossed Nicols 

Note the great amount of fine quartz crystals and their concentration due apparently 
to flow in the mass before or during firing. 
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Fig. 8—300 Diameters—Taken from a Suspension Unit Removed 


FROM THE Line for Low Megger Reading after Eleven Months 


Service 


The insulator punctured below flash-over, 60 cycles—Note the very large quartz crystals 
partially resorbed and the large sillimanite crystal B and the short, crack A lined with 
fine sillimanite crystals—This crack is only 0.01 inches long but is a potential weakness 


and this insulator was liberally sprinkled with them. 



[peasleeJ 

Fig. 9—300 Diameters—Taken from the Curve at the Top of the 


Inner Petticoat of a Pin-Type Insulator 

Shows the crack curved to follow the curvature of the shell—This crack was about 0.25 
inches long and about the center of the shell wall—This insulator failed after three months 
service. 
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Fig. 10—300 Diameters—Fused Quartz Manufactured in Search 
FOR A Suitable Insulator Material 
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II _300 Diameters—Same as Fig. 10 Except Under Crossed 

Nicols 

















Fig. 12—300 Diameters—Crack in a Suspension Unit that was 
Removed from the Line on Account of Low Megger Reading 



[PEASLEE 


Fig. 13—300 Diameters—Crossed Nicol View of Section from an 
Insulator of Foreign Manufacture 

Shows very clearly the isotropic ground mass (black) the anisotropic quartz (white) 
and the foggy masses of anisotropic sillimanite. 
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1. The porcelain insulator as commercially available today is 
not a success, it is deteriorating too rapidly both in and out of 
use and the gathered evidence points to certain inherent features 
of manufacture and composition that are responsible in large 
part for this unreasonable deterioration. 

2. The design features may be overcome by a correct ap¬ 
preciation of the mechanism of breakdown and the application 
of correct principles of dielectric flux distribution. 

3. It has been found possible to make and manufacture fused 
quartz on a laboratory scale and indications are that it can be 
done on a commercial scale for a permissible price, and it is 
hoped that the development of this and other studies now being 
made by many engineers may lead to a lessening of the enor¬ 
mous cost of the present insulator depreciation encountered by 
the operating companies. 

The investigations herein mentioned have been made in the 
high-voltage_ laboratory of the Oregon Agricultural College and 
recognition is hereby expressed of the aid of Mr. A. Strieff 
Assistant Instructor, and Mr. J. A. Hooper, a member of this 
year’s senior class, both of whom rendered invaluable assistance 
in the many tests necessary to such an investigation. 




Presented at the 332 nd Meeting of the American 
Institute of Electrical Engineers^ New York, 
June 2T, 1917 - 
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EXPANSION EFFECTS AS A CAUSE OF DETERIORATION 
IN SUSPENSION TYPE INSULATORS 


BY J. A. BRUNDIGE 


Abstract of Paper 

In seeking causes for the rapid deterioration which has been 
encountered in suspension type insulators, two leading hypo¬ 
theses, viz., porosity and mechanical cracking through expansion 
effects, have been advanced by different groups of investigators. 
These are briefly outlined in the paper, after which the author 
presents data in support of the latter. Some of the operating 
problems attendant upon insulator deterioration are also dis¬ 
cussed. 


Introduction 

T he continued and seriously high rate of deterioration 
occurring in all parts of the country in high-voltage sus¬ 
pension insulators of the cap and stud type, has caused investi¬ 
gators in their efforts towards the design of a durable insulator, 
to make a more careful study of the problem than heretofore, 
for the purpose ot trying to fix the underlying causes of failure. ^ 
Had the problem been a simple one, it would doubtless have been 
solved before now, and in view of the number of factors involved, 
especially from the manufacturing standpoint, it is not only nat¬ 
ural, but in fact a favorable sign of active and thorough investi¬ 
gation, that somewhat different views may at first be held as 
to the predominating causes of insulator deterioration by those 
engaged in making such studies. ^ ^ ^ 

As a result a number of engineers, together with a majority 
of those concerned in insulator manufacture, while recognizing 
that porosity undoubtedly has been responsible fpr a consider¬ 
able percentage of failures, hold that mechanical cracking of the 
porcelain, brought about by expansion effects (possibly assisted 
by heavy cable loads) is the principal cause for the trouble 
experienced. This hypothesis is equivalent to saying that unl^s 
the more recent designs and methods of assembling have suffi¬ 
ciently reduced the mechanical stresses set up inside the cap, 
troubles with this type of insulator may be expected to continue, 
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regardless of the degree of perfection and freedom from porosity 
attained in the manufacture of the porcelain shells. 

On the other hand, there are prominent investigators who 
have quite definitely taken the stand that practically all insulator 
deterioration is ultimately attributable to porosity, which either 
makes the porcelain weak electrically after moisture has been 
absorbed, or causes cracking through the capillary absorption 
and crystallization of salts taken up from the adjacent cement 
used in assembling, or causes a combination of both. The 
porosity hypothesis is in part based upon the results of experi¬ 
ments made with apparatus designed to measure extremely high 
resistances. With such apparatus, it has been shown that all 
porcelain is more or less , conducting and that quite wide resist¬ 
ance differences exist between various specimens. A consider¬ 
able variation in the resistance of certain specimens when sub¬ 
jected to treatment- for the purpose of altering their moisture 
content has been also noted. These results, which are not sur¬ 
prising when considered in the light of the extreme sensitiveness 
of the instruments used and of the well known difficulty of pro¬ 
ducing well vitrified porcelain, have led some of these investiga¬ 
tors to believe that all porcelain is inherently porous to such an 
extent as to make it unsuitable for manufacturing satisfactorily 
durable insulators. 

The engineers of the company with which the author is asso¬ 
ciated in investigating the problem from an operating standpoint 
so far as somewhat limited facilities have permitted, and while 
halving no desire to minimize the importance of porosity effects, 
have arrived at the belief that expansion effects are causing the 
major part of insulator deterioration, and the following notes 
and comments are given in support of this view. It is appre¬ 
ciated that many of the facts mentioned have only circum¬ 
stantial value, but when considered together it will be evident 
that this belief is not without foundation. 

General 

Statement of Conditions Inside of Cap. Before referring to 
observed lesults, it is instructive to review the conditions existing 
inside the cemented metal cap of a suspension insulator. 

It is well known that Portland cement after setting does not 
attain its ultimate hardness for a considerable period—usually 
months—but when this state is finally reached, it will withstand 
and transmit fairly large compressive stresses. Under these 
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conditions, the porcelain inside an insulator cap is directly 
subjected to varying forces v^hich it is poorly adapted to with¬ 
stand. The temperature expansion coefficient of porcelain 
being only approximately one-half that of steel, it is perceivable 
that from this source alone stresses amply sufficient to cause 
damage must occur as the result of seasonal temperature changes. 
Expansion in the steel stud on hot days is doubtless responsible 
for much of the trouble. 

But another and even more serious form of 'expansion takes 
place inside insulator caps where Portland cement has been used 
for assembling, the existence of which has not been generally 
recognized. This is the expansion and contraction of the cement 
itself that the influence of varying moisture conditions. Mr. 
A. H. White* in a series of experiments extending for a period of 
nearly five years, on both old and new samples of concrete and 
cement obtained from various sources,has shown that from a dry 
to a completely moistened state, neat cement briquettes will 
expand as much as 0.15 per cent, which is equivalent to’a tem¬ 
perature expansion change in cement of nearly 270 deg. fahr. 
(150 deg. cent.). In addition, it was shown that the effect was 
gradually progressive, the samples exhibiting a slight increase 
in length with each cyclic change. Other investigators have also 
noted this behavior of Portland cement, the generally accepted 
explanation of which is that it exhibits reversible collodial char¬ 
acteristics to a limited extent, analogous to the softening and 
swelling up of glue in the presence of water. The progressive 
expansion taking place with the cyclic changes is attributed to 
the incomplete hydration of some of the particles of cement, 
which are initially sealed up and protected, but as the expansion 
and contraction goes on, more of these are exposed to moisture 
so that additional setting takes place, accompanied by a certain 
amount of permanent expansion. This expansion was clearly 
indicated in the experiments mentioned by the numerous hair 
cracks which generally developed throughout the mass of the 
sample briquettes. 

It is believed by the author that the much greater deteriora¬ 
tion which has been experienced with insulators hanging in the 
tension or horizontal position as compared with that occurring 
in those suspended vertically, may be accounted for by the fact 
that the cement in the former is much more directly exposed to 
the ele ments, thus affording greater opportunity for the taking 

*Proceedings Am. Society for Testing Materials, Vol. XIV, Part II, 
1914, p. 204. 
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Up of water and the reverse, whereas the cement in units in the 
upright position is not subjected to such marked extremes; also 
because of the greater relative exposure of the horizontally 
placed units to the hot sun, resulting in their undergoing more 
abrupt temperature changes. The great difference in the rate 
of deterioration observed in the two positions cannot be wholly 
accounted for by the fact that the tension insulators usually sup¬ 
port heavier mechanical loads. While it is believed that exces¬ 
sive loads accelerate deterioration, several instances have been 
encountered where tension insulators carrying loads less than 
those on adjacent suspension insulators have shown percentage 
failures from 2 to 3 times as great and equalling the failures ob¬ 
served in tension insulators generally elsewhere on the same sys¬ 
tems. 

Data and Observations 

The following notes relate to data from megger and oscillator 
tests made during the last three years on transmission systems 
located in widely separated parts of the country embracing an 
aggregate of over six-hundred-thousand suspension insulator 
units. It may be added that in drawing conclusions from the 
megger tests, care has been taken to select only readings made 
under favorable conditions and by testers experienced in handling 
the instrument, who were cognizant of its limitations and of the 
precautions to be observed in its use. 

Electrical Stresses Not a Necessary Factor in Deterioration. 
Owing to the greater electrical stresses to which the end units of 
insulator strings are theoretically subjected, it might be expected 
that these would fail in comparatively greater numbers if such 
electrical stresses were a material factor. With one exception, 
the data on which have not been fully confirmed, no evidence has 
come to the notice of the author that the end units do fail at a 
greater rate. The following record from oscillator tests made on 
strain insulators units from a 60-kv. line in 1916 may be taken as 
typical. Potential was applied at 100 kv. for 5 seconds: 


Unit No. 

Location of defective units in string 
(No. 1 unit next to conductor) 

Total defective 

Wire A 

Wire B 

Wire C 

1 

40 

35 

34 

109 

2 

40 

33 

39 

112 

3 

37 

37 

39 

113 

4 

42 

42 

30 

114 

5 

40 

38 

30 

108 
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Another phenomenon of much more conclusive nature showing 
that deterioration takes place independently of electrical stresses 
is the loss often observed in insulators where they have been left 
for some time in the original crates. In one instance reported 
from the Pacific coast, it was found that the percentage deteriora¬ 
tion in a lot of several hundred units left over from line construc¬ 
tion amounted to practically the same as that occurring in the 
ones in service. The crates containing the excess insulators were 
of the usual open type and had been stored in a yard for a period 
of approximately four years. Tests were made by means of the 
megger and the loss totaled nearly 5 per cent. 

Insulator Failures are Not Proportional to Degree of Firing in 
Kiln. Referring to a lot of 877 units subjected to oscillator tests 
in 1915, and which represented the entire commercial range of 
firing, it was found that failures did not occur any more fre¬ 
quently in underfired shells than among the others. In fact, the 
overfired shells were the ones which showed a tendency to fail in 
excess of the average. This would indicate that the failures 
observed were influenced more by mechanical strength of the 
porcelain than by the degree of porosity. The degree of firing 
was only roughly estimated by classification of the glaze colors, 
but the results shown in the following table taken in conjunction 
with like data from other sources are believed to be sufficiently 
definite^to justify the above conclusion. 



Total number 

Bad 

Per cent bad 


176 

37 

21.0 


30 

7 

23.4 

. 

12 

4 

33.3 

VJTi UXwWll *•••.••••••• 

Blaci^ . 

191 

48 

25.1 

Krnwn ftioriTial^ , , « • • . • 

210 

40 

19.1 

i^cir.lv L/lvWll • • • • • . • 

Brown. .. 

231 

35 

15.2 

TjicjfVit V)TOwn .. • 

27 

6 

22.2 



_ 

-- 


877 

177 

20.2per cent 


In the above, dark brown is c6nsidered to represent normal 
firing, the brown and light brown underfired, while the black, 
greenish brown, green black and black green were overfired, the 
last exhibiting blebs. 

A more striking instance is the failure on a certain system 
of a large number of foreigu insulators, the porcelain of which 
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was exceptionally well fired and uniform in character. Although 
excellent service was afforded for the first three years, trouble 
afterwards became very serious and it is reported that practically 
all of these insulators have now been removed from the lines, 
after approximately six years operation. In this case, it has been 
fairly well established that the deterioration was due to cracking 
which was accentuated by a very unfavorable design of the head, 
including long embedded studs. Other insulators of American 
manufacture of a similar design have likewise failed on the same 
system in quite large numbers. It is interesting to note that the 
insulators of this design were prone to develop operating troubles 
on particularly hot days. 

Rate of Deterioration. In testing with the megger it has been 
found that the great majority of the units read zero or nearly so 
when first discovered. The few units which did not read zero 
at first have, so far as observed, since changed in resistance but 
slightly and such of them as the author has examined show un¬ 
mistakable evidences of porosity. 

The rapidity with which deterioration takes place in insulator 
units is in many cases quite remarkable. On a certain high-volt¬ 
age line, it is reported that insulators sometimes fall in resistance 
from infinity reading on a 2000-megohm megger to apparent 
zero during the course of a few days. An example is cited of an 
anchor tower carrying 120 units which had been gone over with 
the megger for removal of defective insulators. Four days later, 
the testing crew took occasion as a matter of interest, to remegger 
the insulators on the tower and were quite surprised to find that 
five more units had failed in the meantime. It is not stated 
whether any rains had occurred during the interval, but the 
weather had been quite hot. 

That insulators suddenly fall in resistance from infinity read¬ 
ing on a megger to practically zero is believed to be indicative 
of cracks rather than of porosity. The absorption of moisture 
in a piece of porous ware is known to be slow process and there 
are no grounds for suspecting that at a certain critical point of 
saturation the resistance drops so quickly as has been found. 

Porosity in Small Amounts, not Believed to he Excessively Harm¬ 
ful. The theory which has been advanced that conducting 
areas are formed by moisture within the body is undoubtedly 
valid for those cases where the porosity is marked, but the 
author believes that the performance of the numerous pin-type 
insulators which have been in use for comparatively long periods 
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and also of the Hewlett type units, some of which have been 
giving good service for approximately 10 years, shows quite 
conclusively that reasonably small amounts of porosity are not 
necessarily injurious. All of these older insulators are unques¬ 
tionably of greater porosity than many of the suspension type 
manufactured comparatively recently and which have failed to a 
serious extent. It is true that pin-type insulators with cemented 
shells have failed in large numbers after considerable periods in 
service, but the cause can usually be traced to cracking from 
purely mechanical sources. An illustration is found on a 60-kv. 
southern line where the insulators, which were of the 4-part 
pin type, operated perfectly for ten years, after which over 25 
per cent failed during one summer. Without exception these 
insulators were found to have cracks in the upper shell generally 
following the side tie-wire groove and sometimes extending 
radially out to the edge of the petticoat. 

It has been determined by Prof. Creighton that where a 
porous insulator has become saturated with moisture, it is 
easily punctured by application of potential at ordinary fre¬ 
quencies. This fact led to the suggestion by others that insu¬ 
lators only slightly porous, after having been in service for 
several years so as to absorb moisture, might be discovered and 
weeded out before reaching a dangerous condition by subjecting 
them to a 60-cycle test at near flash-over voltage in order to 
line up the particles of moisture to form a conducting path, 
similarly to the lining up of particles of foreign matter between 
the electrodes in an oil testing set. Experiments were under¬ 
taken by a transmission company to apply this hypothesis, but 
the results obtained were negative in character so far as con¬ 
cerned substantiating the presence of porous ware. Such 
breakdowns as did occur could nearly always be traced to manu¬ 
facturing defects in the porcelain. 

Indications of Cracking. While the author has not had op¬ 
portunity for the careful examination of any large number of 
faulty insulator units by the removal of the metal caps, such 
work has been done has afforded fairly consistent results. In 
order to remove the caps without disturbing the porcelain, a 
helical cut of suitable pitch is taken with a hack saw, beginning 
at the lower edge, which enables the metal at the side of the cap 
to be removed in the form of a strip, thus freeing the upper 
portion. 

With the caps taken off it is still by no means an easy matter 
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to locate the existing cracks unless they have become opened up 
somewhat or are discolored through age. It has been found, 
however, that in some instances the cracks may be identified by 
carefully examining the surface of the cement which has been in 
contact with the porcelain. The cement may show a fine crack 
corresponding to the crack in the porcelain, or only darkened 
lines which for lack of a better term have been called ^Veathering 
lines’\ Such lines, marked by arrows, are shown in Pig. 1. In 
this view, the metal stud has been tilted slightly away from the 
camera to separate the weathering line from the edge of the 
porcelain, thus bringing it into better view. The line on the 
cement in the cap section has been produced from the same 
crack, as will be seen by comparing the two. 

While the cause for the weathering lines is not definitely 
known, it is probable that they are the result of ozone liberated 
by slight electrical discharges through the crack while the unit 
was in service. Such discharges undoubtedly occur and their 
presence is borne out by a slight alteration often observed in the 
appearance of the surface of the fracture in the porcelain which 
becomes glossed and faintly iridescent when held to the light 
at the proper angle. This faint play of colors is not found on 
surfaces of pieces broken after removal from service. 

Operating Problems 

Deterioration in insulators is proceeding at such a rate that it 
is debatable whether all suspension insulators of the cap and 
stud type now in service will not have to be replaced within a 
comparatively few years. Obviously this constitutes a very 
serious situation for the operating engineer and it is imperative 
that insulators approaching the end of their usefulness be de¬ 
tected and removed from the line before conditions develop 
threatening the continuity of service. 

The question arises as to whether anything will be gained by 
subjecting all insulators in service to a periodic test at high 
voltage for weeding out those pieces undergoing incipient deter¬ 
ioration. It is apparent that if a test could be devfeed which 
would insure safe operation for a period of three or more years 
without the necessity for attention to the insulators in the 
meantime, much of the cost of insulator patrol and maintenance 
of the lines would be obviated. It is believed that a high-voltage 
test might prove useful should it be established that porosity is 
a serious factor. On the other hand, it is not likely that much 
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benefit would be derived from the testing of units in this way 
which are liable to deteriorate through cracking. It is known 
that each application of high potential will indefinitely continue 
to break down additional units and many of these would doubt¬ 
less be of service for a considerable time before necessity arose 
in the ordinary course of events for their replacement. More¬ 
over, failure by cracking proceeds at such a rapid rate that many 
of the insulators might make a good showing on test and fail 
very soon afterwards. 


Conclusion 

Summarized briefly, the reasons for believing that expansion 
effects are the principal cause for deterioration in suspension- 
type insulators are as follows: 

1. The conditions existing inside the metal caps are sufficient 
to explain, through temperature expansion alone, much of the 
trouble experienced. Expansion occurring in the cement because 
of moisture absorption is of an even more serious nature. 

2. No evidence of importance is at hand showing that elec¬ 
trical stresses have caused the trouble under discussion. 

3. Except for bad cases of underfiring which are generally 
easily detected, losses of insulators in service do not bear any 
apparent relation to the degree of firing. 

4. So far as observed, deterioration takes place quickly, such 
as would be expected during the formation of cracks. On the 
other hand, slightly porous ware absorbs moisture only very 
slowly, and were porosity the predominating cause for failure, 
large numbers of units would undoubtedly have been discovered 
in the intermediate resistance stages. 

•5. Cracks of more or less long standing have been identified 
in a majority of cases where it has been possible to carry on post 
mortem examinations on defective insulator units. 

6. The relatively good showing made over long periods by 
pin type insulators having cemented parts and by Hewlett units, 
none of which represent as high development of the porcelain 
manufacturer’s art as some of the later suspension insulators, 
would indicate that porosity is not the factor of most immediate 
concern. 

It is to be borne in mind, however, that after losses from ex¬ 
pansion effects have been more or less completely eliminated, por¬ 
osity in porcelain may remain as a problem of considerable im¬ 
portance and that the work done in this direction by investigators 
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easily detected, losses of insulators in service do not bear any 
apparent relation to the degree of firing. 

4. So far as observed, deterioration takes place quickly, such 
as would be expected during the formation of cracks. On the 
other hand, slightly porous ware absorbs moisture only very 
slowly, and were porosity the predominating cause for failure, 
large numbers of units would undoubtedly have been discovered 
in the intermediate resistance stages. 

5. Cracks of more or less long standing have been identified 
in a majority of cases where it has been possible to carry on post 
mortem examinations on defective insulator units. 

6. The relatively good showing made over long periods by 
pin type insulators having cemented parts and by Hewlett units, 
none of which represent as high development of the porcelain 
manufacturer’s art as some of the later suspension insulators, 
would indicate that porosity is not the factor of most immediate 
concern. 

It is to be borne in mind, however, that after losses from ex¬ 
pansion effects have been more or less completely eliminated, por¬ 
osity in porcelain may remain as a problem of considerable im¬ 
portance and that the work done in this direction by investigators 
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will become increasingly valuable, unless perhaps a better-ma¬ 
terial for insulators will then be available. Progress in over¬ 
coming expansion will doubtless include, as one of the steps, 
the elimination of Portland cement from the designs and this 
incidentally will be of aid in simplifying the problems arising 
from porosity. 
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PRESENT PRACTISE IN THE DESIGN AND 
MANUFACTURE OF HIGH-TENSION 
INSULATORS 


BY A. O. AUSTIN 


Abstract of Paper 

As considerable time or a severe condition is necessary to 
show up serious insulator defects, the favorable line conditions 
on the earlier lines permitted the use of inferior material and 
designs. The apparently satisfactory operation of inferior insu¬ 
lators together with the large production necessary did much to 
retard improvement in the insulators, for improvement was prac¬ 
tically impossible unless same could be accomplished without 
materially increasing the cost. 

The desire to increase production and improve the material 
necessitated radical changes in the manufacture and equipment, 
so that the well equipped plant today is far different from the 
ordinary pottery which it resembled a few years ago. 

The rapid development in the transmission field has mater¬ 
ially changed conditions, and rendered much apparatus obsolete, 
the early insulator being no exception. 

As causes of* losses have become evident, means have been 
found to eliminate the serious effects of same. The recognition 
of the increased value of reliability together with the study of 
operating conditions has materially changed the insulator situa¬ 
tion, so that the material going to the scrap pile today is more 
suitable for line work than the best product a few years ago. 
The loss from porosity has been reduced to a negligible quantity 
by improved firing methods and a closer selection. 

To prevent the serious cracking loss noticeable on old insu¬ 
lators, has been the most difficult problem. To prevent trouble 
on old lines, it may be necessary to give the insulators a tempera¬ 
ture, as well as an electrical test. 

Trouble from this source on modern insulators is prevented 
by careful attention to the temperature gradient, increased 
mechanical strength to resist internal stresses,_ and a lowering of 
the internal stresses by means of an elastic joint. 

The performance of the modern insulator is very gratifying, 
and its performance must not be judged by insulators which are 
really obsolete. 


T here is often an impression that it is possible to eliminate 
all instilator troubles by the use of some new design, test 
or manufacturing method. In order to eliminate trouble, how¬ 
ever, it is absolutely necessary that all depreciation be elimi¬ 
nated. The very nature of the dielectric,- the large number, 
necessitating low cost, and the many hazards to which the insu- 
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lators are subjected in operation gives us no right to expect that 
we can hope to equip a line with insulators which have absolutely 
no depreciation. 

Although the depreciation for some one particular cause may 
be made negligible in the insulator, it is highly important that 
this desirable result is not obtained at the expense of a greater 
hazard in some other direction. The best line practise will be 
that which reduces the principal hazards as far as possible, but 
takes into account the hazards produced by depreciation, so 
that a system may be planned and operated accordingly. 

From the operating standpoint the insulator problem is one 
of maintenance, for the state of the art is such that the hazards 
can be reduced to a negligible quantity where the fundamental 
factors governing reliability are given due consideration and the 
line is inaintained in a good state of repair. 

The length of time required to show up the effects of deprecia¬ 
tion and the rapid development of the art together with the low 
cost of the insulator is largely responsible for the greatest losses. 

Material improvements have been made in the design and 
manufacture so that the performance of the modern insulator 
cannot be judged by the performance of insulators made 
even a few years ago. 

The production of a satisfactory insulator is no small problem, 
if the cost is to be comparatively low. Designing necessitates 
a very thorough knowledge of manufacturing conditions or their 
possibilities, for it must be remembered that an insulator part 
usually goes through from 20. to 30 operations and passes through 
the hands of over 20 operators. To produce the best results, 
it has been necessary to eliminate heavy labor wherever possible, 
so improved machinery has been adopted and the modern 
insulator plant has departed very much in appearance from 
the pottery and the methods which it followed only a few years 
ago. 

Fig. 1 shows one of the mold conveyors where the ware is 
cured before taking it out of the molds. Equipment of this kind 
saves much of the heavy labor, permits of easy inspection and 
tends to produce uniformity in the insulator and at the same 
time results in a considerable saving both as to labor and losses 
in manufacture. 

Similar work has been carried out wherever possible in the 
manufacture. Fig. 2 showing the ware as it is ready for drying. 
With equipment of this kind, five or six hundred insulators are 
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subjected to practically uniform drying conditions on all sides 
and at the same time cracking and the handling cost is cut to a 
small fraction of what it was formerly. 

The inspection of ware is very rigid at all stages in the manu¬ 
facture and a large portion of the ware rejected today is as good, 
if not better, than the first quality material of several years ago. 

It was only a few years ago, that it was difficult to obtain a 
test of 40 or 50 kv. on a single part without having losses of 
from two to forty per cent. The state of the art is such at this 
time that it is possible to test single parts at much higher volt¬ 
ages than large four-part insulators of a few years ago. 

Fig. 3 shows some large insulator parts on test, under test 
conditions equivalent to 140 kv. The average loss even under 
severe conditions of this kind is seldom over one per cent. This 
has only been possible by careful systematic work. Many of 
the older lines are equipped with three- or four-part insulators 
which would have had an assembly loss of 40 of 50 per cent, if 
they had been given the above test which can be easily carried 
by a single part today. 

In Fig. 4 is shown one of the assembly cars used for suspension 
insulators. A car of this kind handles 700 insulators and per¬ 
mits of their being cured under the best possible conditions and 
with a minimum amount of handling. The increased cost, owing 
to a very much higher standard, has necessitated improved 
handling methods at every point in order to keep down the cbst 
which would otherwise be considered prohibitive. 

• Much has been written about the principal electrical charac¬ 
teristics of the insulator, so the discussion of design and manu- 
'facture will be largely confined to the two most important 
elements pfoducing depreciation, cracking and absorption. 

Cracking 

The cracking of insulators is by far the most serious cause of 
depreciation on most lines, and has been an important factor in 
the design of pin-type insulators for some years. In order that 
the method adopted to reduce this loss may be better under¬ 
stood, it is necessary to consider conditions as found on the line. 

For the past seven or eight years, much cracking has been 
noticeable on pin-type insulators, some lines being entirely 
reinsulated while on others, it was necessary to locate the faulty 
material by visual inspection or by ringing out with a stick. 
To avoid this loss, pin-type insulators were replaced by sus¬ 
pension type in at least one instance. 



548 


AUSTIN: HIGH-TENSION INSULATORS 


[June 27 


The more recent cracking of suspension insulators has attract¬ 
ed far more attention than a similar loss in the pin type. This is* 
largely due to the fact that they could be easily located on. the 
line and to the higher standard of operation on most of the lines 
where they were used. 

A curve which is characteristic of the depreciation for many 
insulators is shown by A Fig. 5. It will be noted that this curvt 
rises rather rapidly for a short time due to absorption and then 
rises very slowly for five or six years operation when it jumps 
very rapidly due to cracking. 

In order to see the effects of this depreciation, it is necessary 
to study the effect upon operation. ^ 

Curve B shows the opera¬ 
ting hazard or probable inter¬ 
ruptions for the depreciation I 
shown in curve A. It is | 
assumed that a four-part in- § 
sulator will fail when three I 
parts become bad. Curve B, i 
rises very rapidly after six I 
or seven years as the hazard | 
increases in direct proportion z 
as the cube of the deprecia- | 
tion. This curve shows why I 
cracking is often very serious ® 
before its effect is noticeable I 
on the operation. " „ , , ^ ^ 

Curve C shows the opera- years in service 

ting hazard where all defective ^ 

material is removed every four years. While the removal of 
faulty material greatly reduces the hazard, it is seen that the 
cracking during the tenth year would cause 14 probable break¬ 
downs in a lot of 10,000, although there might have been only 
one or two the year before. 

The insulators which crack are apparently affected in no way 
up to the instant of cracking, hence, it is impossible to anticipate 
their failure by any practical electrical test. Porous material on 
the other hand, can be detected and removed before it becomes 
mlueless. 

Owing to the small mar^n of safety and the nature, of dielec¬ 
trics used for insulators, it is not reasonable to assume that 
depreciation can be entirely eliminated. A low depreciation is 
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The more recent cracking of suspension insulators has attract¬ 
ed far more attention than a similar loss in the pin type. This is 
largely due to the fact that they could be easily located on the 
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where they were used. 
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ting hazard where all defective 
material is removed every four years. While the removal of 
faulty material greatly reduces the hazard, it is seen that the 
cracking during the tenth year would cause 14 probable break¬ 
downs in a lot of 10,000, although there might have been only 
one or two the year before. 

The insulators which crack are apparently affected in no way 
up to the instant of cracking, hence, it is impossible to anticipate 
their failure by any practical electrical test. Porous material on 
the other hand, can be detected and removed before it becomes 
valueless. 

Owing to the small margin of safety and the nature of dielec¬ 
trics used for insulators, it is not reasonable to assume that 
depreciation can be entirely eliminated. A low depreciation is 
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well worth while, however, as it permits the use of insulators 
of fewer parts with their smaller maintenance. 

Examination of many insulators which have cracked on the 
line indicates the following: 

1. That the largest and apparently the strongest insulators 
crack soonest. 

2. That the size, shape and number of the cemented joints 
effect the cracking. 

Old insulators when heated up slowly will often crack before 
they reach 150 deg. fahr. The parts which fail are the tops or 
shells outside of large cement spaces. 

When old insulators are heated up and then have their tops 
sprayed with water similar to a thunder storm, a very much 



larger per cent of cracking takes place. This, however, is usually 
confined to the head of the insulator. 

Insulators like that shown in A, Fig. 6 may have a very high 
loss on a single heating and cooling cycle. Designs similar to B, 
however, stand very much more severe treatment without loss. 

There is a very noticeable cracking on the heads of insulators 
similar to A after five or six years weathering. If insulators are 
subject to the elements, it appears to make no difference whether 
they are in service or not. 

When old insulators which are heated and sprayed with water, 
crack, the failure is announced by a sharp report, indicating a 
force of considerable magnitude. Insulators which have stood 
a heating and cooling cycle of higher range are little effected by a 
number of cycles of lower range. 

These together with the absence of any electrical indication 
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of weakness go to show that the cracking is due to a high stress 
rather than fatigue. 

It has been pointed out that the stress may increase due to a 
slight expansion of the cement with time. This stress in itself 
may not be serious, but combined with others may cause failure. 
The cement adheres more firmly to the porcelain with time so 
that any adjustment by slipping may become less. It is also 
possible that the modulus of elasticity of the cement may in¬ 
crease with time. The accumulation of dirt may cause a greater 
leakage of current, heating up the inner parts, or the insulators 
-may get hotter in the sun. The poorer heat conductivity of the 
cement is still another factor. 

While it is true that porcelain or glass will fail at a lower ulti¬ 
mate if the stress is applied for 
along time the stress required 
to cause failure is very high. 

Under operating conditions an 
insulator may reach 150 or 160 
deg. fahr. in the sun. Under | 
these conditions insulator A, I 
Fig. 6 will have a temperature I 
gradient along the line 0—t like | 
that shown in A Fig. 7. If rain 
falls on the upper surface, the 
temperature may be represented 
by A' after a few minutes. Under 
similar conditions, the tempera¬ 
ture gradient for insulator B is 
shown by B and B 



DISTANCE or IN INCHES 

Fig. 7 


It will be noted.that the inner parts of the older type of insu- 
iT.f! If ^ is farther notice- 

in 1 ixiA than 

m B,so that when the heads of the insulators are cooled to the 

sarne t^perature, the temperature gradient will be much steeper 
A than m B, so that the stress set up between the porcelain 
parts regardless of the cement will be very much higher in the 
older type insulator. ^ ^ 


The cement has a higher linear coefficient of expansion than 
the porcelain and wdl produce a very high stress if of large cross 
ion. he practise then of reducing the size and area of the 

ertL”St’;f 

easily less than half that for the older insulators. 
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The advantage in fewer cement joints and small heads on the 
insulators has been carried out extensively in the modern two- 
piece insulators for voltages up to 50 kv. 

Much effort has been expended to incorporate the following 
in the modern pin-type insulator: 

1. A few strong parts. 

2. Small heads with corresponding cement sections and areas. 

3. Minimum amount of nesting permissible with mechanical 
reliability. 

4. Elasticity in the joint. 

A few strong parts keep down the renewals when the line is 
cleared up for the loss will increase nearly as the product of the 
per cent loss on a part and the number of parts. This is import¬ 
ant and will show up sooner or later on the line. 



Fig. 8 

The axial pressure tending to force the top out of the head in 
A is entirely eliminated in B by coating the ends of the shells 
by a wax w, or the use of a cushion. 

The grip surfaces 5 are sanded and as the grip is of very high 
efficiency, a minimum surface may be used for mechanical 
reliability. Since this surface grips in all directions equally well, 
there is a tendency for the insulator to hold together even when 
badly damaged mechanically. This is particularly important 
for an insulator where the parts are not deeply nested. 

Elasticity of the Cement Joint 

In Fig. 8 are shown several types of joints which are of particu¬ 
lar interest in considering cracking. In A is shown the ordinary 
cement joint with .scored surfaces held together by cement C. 
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In B and C is shown an elastic or yielding insert r placed in the 
joint. In B the possible movement would be greatest across the 
joint and in C lengthwise of the joint. This then is one method 
for regulating relative movement in the joint either axially or 
radially. 

Although a joint as shown in B or C will relieve any internal 
stress, it is not good for handling heavy loads and the danger of 
the insulator falling apart and dropping the line is increased, so 
it is not used except in special cases. 

The insulator joint will be satisfactory in so far as it fulfills 
the following: 

1. Minimum area for a given grip. 

2. Absence of slipping. 

3. Elastic yield or ability to distribute a heavy load. 

The coated sanded surface fulfills all these requirements to a 
marked degree, as will be seen by a consideration oiD, E and F. 

By reference to D, it is seen that any force between H and 
must be exerted through the small struts V. If the force is one 
of compression, the stress in the main members H and FI' will be 
very small compared to that in the struts F, being in inverse 
proportion to their cross sectional areas. If there were a number 
of these struts, their area could be so proportioned that they 
would compress or crush and limit the stress at any point in II 
or H'. This method of connecting the different members would 
prevent looseness of the parts^ and would give a good stress dis¬ 
tribution in practically any direction for the strain would occur 
in the small struts F. 

In E is shown a practical method of accomplishing the stress 
distributing feature of D. The main insulating members H and 
H' are provided with ridges or projections t. If the joint is 
entirely filled with cement, conditions will be no better than in A 
so the surfaces are coated with paraffine or other material W 
which accumulates in the bottom of the grooves leaving the 
points only very thinly covered. The bearing of the cement is 
then confined to the tops of the projecting ridges or points which 
act in the same way as the struts in D, Under these conditions, 
it is seen that the stress per unit area at the points t and the 
adjacent cement will be many times that in H or H' so that the 
joint will give and relieve the main parts from heavy strain, 
produced by unequal expansion between the parts or cement, 

A low coefficient of elasticity can be obtained in E by control¬ 
ling the size and depth of the ridges or points and the coating 
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used to regulate the effective area of contact between them and 
the cement. 

While E fulfills the general requirements, the grooves tend to 
concentrate the stress and the failure of a point may start a 
crack in the body of the piece. It also has the further objection 
in having a small give in the direction of the joint. 

The sanded surface F provides the projections similar to E, 
but the space filled by the wax is much greater. This joint not 
only limits the stress much better in all directions but is easily 
made and is free from the objectionable feature of scoring. 

Ordinary surfaces cannot be covered with wax or paint to 
relieve the stress unless the load is very light, as the bearing 
may be concentrated in one or two points, causing a low ultimate 
or cracking. 



By proper control of the sanding, it is possible to eliminate 
hard spots or undue concentration of stress in itiany insulators, 
giving a higher ultimate in the suspension insulators without 
the danger of cracking. 

Cracking of Suspension Insulators 
The cracking of insulators was covered to a large extent in a 
paper on Insulator Depreciation, December 1914. This dis¬ 
cussion outlined very briefly, the causes of cracking and methods 
of reducing same. In order to insure the mechanical reliability 
of the insulator, it is advisable that the cap bear on the flange 
to prevent the escape of cement while setting. This contact 
area is shown at K in Fig. 9. Cutting the cap with a slot just 
above this point or the putting in of new cement at K showed 
that the insulator could be heated much higher without starting 
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a crack at m. This proved that the stress was due to the elonga¬ 
tion of the cap and expansion of the cement. 

A higher assembly temperature would tend to eliminate 
cracks o, but would do little good at m, if the cement at k ex¬ 
panded, so the first improvement was to reduce the bearing area 
at K using a cap like that shown in insulator B. Insulators 
cemented in this way stood many cycles between freezing and 
boiling without showing damage. In practise, however, it was 
found that cement which filled in below the cap would not 
loosen and drop out; furthermore, the cap came in contact 
not on a 45-degree line as intended, but out on the flange in some 
cases. 

To insure positive relief at point K, rubber gaskets were 
first used at the lower edge of the caps, or they were dipped or 
painted with wax or asphaltum but various types of paper felt 
gaskets were finally used. Some of these gaskets were left 
in and some removed, the present practise being to remove the 
gasket. 

The present practise is shown in B, Fig. 9. . The head of the 
insulator is covered with a wax or paraffine w, a disk C is used 
at the end of the pin and a gasket at G, the latter being removed 
after the cement has hardened. 

All grip surfaces are sanded and a moderate assembly tem¬ 
perature used so that dangerous shearing stresses will not be set 
up in cold weather. With machined or highly refined caps, it 
is possible to go to very high assembly temperatures. Without 
these refinements, however, a high assembly temperature is not 
advisable. 

The use of the elastic sanded surface for limiting the stress 
together with the assembly shown in so materially improves 
conditions that the danger of cracking is certainly very much 
reduced or practically eliminated at least for a very much longer 
period. 

The higher the mechanical ultimate in the insulator, the more 
difficult it becomes to design or manufacture so as to keep down 
the internal stress. 

. Although the sanded surface permits of the design of very 
much higher ultimates in the cemented type of strain insulators, 
it is probably best practise for very heavy loads to use insu¬ 
lators which place all the stress on a wood or fiber core similar 
to^those shown in Fig. 10. Insulators of this type are in oper¬ 
ation on the highest voltages and on loads up to 35,000 pounds 
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and can be designed for practically any mechanical ultimate 
without making the conditions any more severe as to the 
dielectric. 

While a close selection is made as to vitrification, it might be 
well to note that the heating of the insulator will melt the paraf¬ 
fine or wax on the head of the insulator which will impregnate 
the cement and porcelain, should it be porous. 

Further refinements will be made from time to time, but it 
would seem that the present standard is such that they will have 
to be made without materially increasing the cost. 

The coated sanded surface still offers refinements at minimum 
cost and it would seem that improvements in the near future 
will be along this line, particularly if it seems necessary to provide 
elasticity in the pin for better stress distribution. 

Absorption 

The loss by absorption or porosity may vary widely on differ¬ 
ent systems and for insulators manufactured at different times. 
Since most of the porous material can be detected by the 
trained eye, the question naturally arises as to the conditions 
which permitted its installation. It is even more important 
to know how this can be guarded against in the future. 

The routine tests made on insulators up until 1903 were made 
with dry electrodes and were often made on the nested parts 
at very low voltages as compared to present practise. Under 
these conditions very porous material would pass tests success¬ 
fully and it is certain that some lots of insulators included fifty 
per cent of material which would be classed as porous with pres¬ 
ent standards. 

Although tests were made from 1903 on, with water inside 
and outside the insulator parts, most of the insulator parts were 
tested inside of two minutes after applying the water and then 
packed and shipped to be assembled in the field later and in¬ 
stalled without further test. Under these conditions sonie of ■ 
the poorest material was eliminated but large percentages of 
insulator parts were frequently installed which furnished but 
little insulation by the time they were in place. 

Much material was installed as late as 1905 which showed a 
fifty per cent loss on second test after soaking 24 hours. Most 
of this material was used on wood construction and on the^ 
Pacific coast where conditions were favorable; otherwise, very 
serious trouble would have resulted. 
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By the end of 1906 tests had not only been raised, but insula¬ 
tors were assembled in the factory and were beginning to be 
given a final test. This did much in some instances to eliminate 
porous material, but as assembled tests were seldom over 70 
per cent of the fiashover of the insulator, many pieces of porous 
material could pass the assembled test which would have been 
detected on a higher test voltage. 

Many different designs were made in the next few years and 
in some instances desirable forming properties were developed 
in the clay to facilitate manufacture. These desirable properties 
were developed at the expense of vitrification with the result 
that some large lines were equipped with material which, al¬ 
though standing a high unassembled part test, was very weak 
dielectrically after installation on the line. 

While there was a general improvement in the vitrification 
up to 1910, operating conditions were becoming more severe, 
which had the tendency to offset this improvement. 

Thicker material was used on parts to give greater dielectric 
strength, and as it takes a considerably longer time for absorp¬ 
tion to take place with increasing thickness, the greater weeding 
out of the higher test voltages was largely offset. , 

Much of the ware put out in 1909 and 1910 showed a loss of 
less than two per cent by absorption when examined several 
years later, although material was considered as vitrified over 
approximately a four-cone range, 80 deg. cent. 

To obtain properly vitrified material which will not fail by 
absorption it is necessary, 

1. That the body composition be such that it will vitrify to 
the extent that the pores will be sealed against absorption. 

2. That all material be fired to the proper temperature and 
time for the body composition used. 

To obtain the first condition many checks are necessary in 
order that uniformity be maintained. The general composition 
may be entirely satisfactory and spoiled in the manipulation due 
to a streak of off mixture from settling. This streak or a path left 
by the burning out of lint may absorb water and render the 
insulator worthless later. Material improvements have been 
made in the compounding and working of the clay in the last 
few years, so that some of the worst hazards cause but little 
concern at the present time. Better equipment had to be de¬ 
signed and placed in operation to eliminate the most serious 
cases of trouble, while additional checks were used to cut down 
others. 
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Uniform viscosity in the slip and time of pumping the filter 
presses were prime factors in eliminating streaks of off mixture. 

FiriIng or Burning of the Ware 

The important factors in obtaining satisfactorily vitrified 
ware are: 

a. A means of determining the firing history of each individ¬ 
ual piece. 

Where a glaze is used for the insulator which has a wide range 
of color for a slight difference in temperature, the selection as to 
temperature or firing history is fairly easy for the trained eye. 
Glazes such as slate, white, yellow, caramel or Albany slip glazes 
where the calcium content is too high, change little over a wide 
firing range and make selection as to firing difficult or practically 
impossible. 

b. A body composition that is satisfactorily vitrified over as 
wide a temperature range as possible. 

In guarding against porous material, the use of a body com¬ 
position of such range of vitrification that proper selection can 
be safely and economically made inside this range is an important 
factor. 

c. Close control of the firing of the ware. 

Some body compositions have such a very short range of 
vitrification that a selection extending not over a range of two 
cones may include both over and under fired material. 

Only a few years ago, the use of a glaze which had too uniform 
color over a wide temperature range together with a body com¬ 
position of short range of vitrification, while apparently very 
satisfactory at the time was largely responsible for a consider¬ 
able number of insulators becoming bad through absorption. 

It is always possible to obtain good ware by selection where 
factors a and b are favorable although factor c is anything but 
good. Unless the firing control is good, it is not possible to make 
a close selection of ware without a heavy rejection which would 
materially affect the cost. 

Much work was required to improve firing conditions so that 
the selection could be reduced from a four-cone range, 80 deg. 
cent., to practically a two-cone range, 40 deg. cent. Kilns had 
to be reconstructed so as to have less difference between the 
hottest and coolest places, and a method of feeding the fuel used 
which was largely independent of the personal element. 

Recording mercury thermometers were used to indicate tern- 
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peratures up to 1000 deg. fahr. These thermometers do not 
control the firing, but serve as a check of the method and give 
data for correction of same. 

Reference to the chart in Fig. 11 shows that the rise in tem¬ 
perature is tmder perfect control, which is very desirable so as 
to eliminate firing checks in heavy ware. In addition to the u^e 
of mercury recording thermometers up to 800 or 1000 deg. 
fahr., a recording electric pyrometer is used to indicate the rate 
of temperature change in firing and cooling. 

For indicating the finishing temperature, pyrometric cones 
are used and also disks or rings whose shrinkage can be accurately 
measured. 

Fig. 12 shows a set of records and trials now used for a single 
firing. Until two years ago, the Seger cones and the experience 
of the kiln burner were the only guides in firing. Highly skilled 
firemen, even where gas was used for fuel were enable to pro¬ 
duce a satisfactory result for the narrower limits until a system 
was adopted that was largely independent of the personal factor. 
Consequently the control was not nearly as good as at present. 

The fact that much ware put out some years ago selected over 
twice the firing range of that at present had an exceedingly small 
percentage of porous material, would indicate that there is little 
cause for concern with present material, if factors a and b are 
at all favorable and a careful selection made. 

The present practise of using much thicker porcelain tends to 
minimize the danger due to absorption, for it is possible that a 
drying out action may start before moisture has extended entirely 
through the part. The time of complete penetration is controlled 
by many factors, but may be regarded as increasing as some 
power of the relative thickness when comparing two pieces of the 
same vitrification. 

Unless conditions are favorable, it is seen that resistance tests 
which require that moisture extend entirely through the piece 
to detect porosity may require entirely too much time unless 
rnade on thin pieces. Before tests could be made on thick 
pieces, they would be on the line. 

It is the general factory practise to depend largely upon dielec¬ 
tric tests made before and after soaking or assembly. These 
tests indicate the point where even slight absorption takes place 
and the selection for vitrification is such as to keep away from 
the danger point. 
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. Tests 

While a thorough discussion of tests is beyond the scope of 
this paper, those in general use deserve some attention. 

With the thickness of material used in the present insulator, 
tests just below fiashover are hardly severe enough. If, how¬ 
ever, the regulation of the circuit is poor and the voltage is raised 
so that a violent fiashover is produced, a very eff'ective weeding 
out of poor material is obtained. 

The test in Fig. 3 is of this nature, and is undoubtedly the 
best all around test method in use. A few insulators or a great 
many can be tested with certainty, which is no small advantage 
where thousands of insulators have to be tested daily. 

A brief analysis of conditions 
in Fig. 13 will show why this 
test is so efficient in detecting 
material which is porous. 

In A , the section of an insula¬ 
tor is shown which has absorbed 
moisture so that there are two 
wet zones 1 and 3 adjacent tO‘ 
the cement surfaces with a dry 
zone 2 between. 

The porous zones may be re¬ 
garded as condensers and resist¬ 
ances in multiple, which are in 
series with a condenser repre¬ 
sented by the dry zone. The 
arrangement is shown diagramatically in B. 

The impressed voltage under different conditions is shown in C. 

t is the voltage on the Series of zones at 60 cycles, the maximum 
voltage being just under fiashover. 

If the voltage is raised until the insulator flashes the effective 
voltage on the series will be represented by 

The resistances ri and r< 2 . may be very high so that the porous 
zones will carry an appreciable portion of the total voltage on 
the piece. Owing to the phase displacement of the voltage over 
the different zones, the dry zone will be subjected to a large 
percentage of the total voltage. 

It is evident that where h represents the impressed voltage, 
conditions will be much more severe on the dry zone for the 
leakage over the resistance will be greater. That this is neces¬ 
sarily true is seen, for if the frequency was zero, zones 1 and 3 
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would, of course, carry no voltage, the entire voltage being con¬ 
centrated on zone 2. 

This shows that the lower the frequency or the flatter the 
wave, the greater the stress on the dry zone. In h the rise in 
voltage is more rapid than in h which tends to place a higher 
stress on zones 1 and 3 than in h, but owing to the greater length 
of time the maximum voltage is applied the dry zone will also 
receive more stress than in h. 

It IS evident that increasing the frequency to 200,000 cycles 
will give little time for the leakage of charging, current through 
ri and rs, so that a porous piece will act as though it were a 
perfectly good piece and the chance of elimination on test by 
failure of the dry zone is very much less. 

In the insulator flashes and is subject to several surges dur¬ 
ing each alternation. This affects the concentration of stress on 
the dry zone C-i, but little, while subjecting the wet zones Ci and 
Cz to their proportion of the voltage, which they would carry if 
they were dry. 

From this, it follows that a test made at normal frequency so 
that the insulator flashes heavily without picking up a power 
arc tends to place maximum stress on all zones. 

^ The fact that the conditions of normal frequency as well as 
high frequency are present at the same time undoubtedly ac¬ 
counts for the effectiveness of this method of test in eliminatin<^ 
material which tends to become faulty under line conditions. 

Conclusions 

It IS hoped that the above brief outline of insulator practise 
will indicate the possible differences between an old and a modern 
insulator, for it would appear that much concern is felt over 
what are chiefly the defects of old insulators. 

The insulator is subject to many hazards and as the design is 

surprising that certain properties 
should be developed at the expense of others. It is gratifying 

however, to note that the chief troubles have been.along lines 
not looked for. 

The rapid development of the art has rendered much trans¬ 
mission apparatus obsolete, and the insulator is by no means an 
exception. ^ When in addition to this, we take into consideration 
that little IS generally known even at the present time as to the 
conditions under which the insulator has to operate and the 
necessary properties in same to withstand these conditions, it 
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is surprising that the insulator has reached its present state of 
perfection. 

It has been a number of years since the operating voltage has 
been limited by the insulator, and the performance of many 
lines put in during recent years shows that the modern insulator 
has more than justified expectations even in the face of higher 
standards of operation and increasing severity of line conditions 
due to the growth of the system or mechanics of the line. 

The fact that the design is a compromise calls for the most 
careful thought in the design and manufacture, and the success¬ 
ful line will be constructed with insulators which have been im¬ 
proved along lines which are shown to be necessary by time and 
experience rather th^n along radical lines that may incorporate 
elements which will cause serious trouble in unlooked for quarters 
after a few years operation. 

It is much easier to locate the.cause of trouble than it is to 
effect a cure, for the insulator works on exceedingly narrow 
margins, and it is difficult to find a means of strengthening the 
insulator for one set of conditions without materially affecting 
another. 

It is well to note that the above paper deals chiefly with the 
means which have been employed to eliminate some of the worst 
defects without sacrificing the properties in other respects proven 
to be good. 

The abnormally low depreciation and successful performance 
of well insulated lines under the severest conditions show that 
the modern insulator is very successful compared to the earlier 
product, and if properly made, the standard is such that further 
impi*ovements are not warranted if they greatly increase the 
cost. 

For old lines, it is well to consider the increasing hazard with 
time due to an increasing rate of depreciation. To maintain a 
given standard of performance, it is then necessary to either 
split up the system into smaller sections as the line becomes 
older or to go over the line at decreasing intervals of time to 
remove the faulty material. It is possible that considerable 
benefit can be obtained on some systems by putting the old in¬ 
sulators through a temperature cycle, as well as the usual tests, 
to eliminate faulty material. 

The fact that some of the weakest points in the insulators were 
greatly improved by dovsign or manufacture without materially 
affecting the cost, did much to insure progress for a considerable 
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period when troubles were only occasionally noticeable. The 
present situation shows that these improvements give every 
promise of being not only very valuable, but necessary for a 
long life and are worth many times the effort required to pro¬ 
duce same. 
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Discussion on ‘The Insulator Situation” (Peaslee), 
“Expansion Effects as a Cause of Deterioration in 
Suspension Type Insulators” (Brundige), and “Present 
Practise in the Design and Manufacture of High- 
Tension Insulators” (Austin), New York, June 27, 
1917. 

Harris J. Ryan (Abstracted by J. C. Clark): ^ The rate of 
failtire of the cap-and-stud type of suspension insulators by 
cracking in the porcelain caps is due largely to two temperature 
factors, namely: . 

1. The range of temperature through which the insulators are 
carried by heat from the sun or atmosphere. 

2. The total number of temperature cycles that the insulators 
have been put through. 

To understand this better, consider what happened to a par¬ 
ticular batch of insulators that were received from the factory 
in 1912. This batch numbered 166. It was divided into two 
lots; those of the one lot numbered 74 and were labeled A; the 
others numbered 92 and were labeled 1-13 A. They are listed 
in the first two columns of Table I. On delivery, those of the 
A-lot were stored four years in a place where they had undergone 
only slight changes in temperature from day to day and from 
season to season; those of the 1-13 A-lot were placed in service 
four years on a transmission line where the sun and atmosphere 
put them through daily cycles of temperature changes and 
further changes in temperature from season to season. After 
the four years, i.e., in June 1916, all were sent to the laboratory 
for durability studies. High-duty megger tests prior to De¬ 
cember first, 1916, determined no failures among the A’s and 8 
failures, or 8.7 per cent among the 1-13 A’s. Tests by 60-cycle 
spark-over voltage (much as specified in Mr. Austin’s present 
paper) applied for 10 seconds or less, Nov. 29 and Dec. 5, 1916, 
caused no failures among the A’s and 7 failures, or 7.6 per cent 
among the 1-13 A’s. None of the 74 A’s and of the surviving 
77 1-13 A’s appeared to be porous to an appreciable extent. 
They seemed to be sound in all essential respects. 

On the conclusion of these preliminary tests, both lots were 
placed on the ground in the laboratory yard, caps down, disks 
horizontal and left to “weather.” Effects, if any, caused by 
changes in the cement due to absorption and evaporation of 
moisture were maintained active by the winter rains. In their 
absence water was poured into the stud cavities from which it 
evaporated, twice each week. The minimum winter and maxi¬ 
mum summer temperatures to which they have thus been sub¬ 
jected were about 0.0' and 50 deg. cent., respectively. The 
daily temperatures ranged through a few degrees minimum to 
about 35 deg. cent., maximum. When this yard treatment had 
extended through 192 days for the'A, and 196 for the 1-13 
A-lots they were retested by megger and' 60-cycle spark-over 
voltage. Again none of the A-lot failed while 2 failed by megger 
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and 6 through the caps and 2 through the disks failed under 
spark-over voltage, making a total of 10 failures, or 13 per cent, 
for the 1-13 A-lots, due to the yard treatment. The total fail¬ 
ures as a result of all tests was 0.0 per cent for the A’s and 27.2 
per cent for the 1-13 A’s, and of these 25 per cent failed in a 
manner to indicate that the ultimate cause was cracking in their 
porcelain caps. 

Remembering that the two lots were alike originally, and that 
their yard treatments were simultaneous and identical, the 
immunity from loss for the A-lot and the heavy loss for the 1-13 
A-lot present a difference in durability that must be due to 
differences in their treatments during the four years that occurred 
after they were delivered by the factory and before they were 
received at the laboratory. Those of the A-lot were stored in 
the dry at a nearly even temperature. The 1-13 A-lot were in 
service on the line subjected to electrical and mechanical loading 
stresses, to temperature changes produced by the sun and at¬ 
mosphere and to moisture more or less salt laden. Megger 
tests showed no evidences of failure due to moisture absorption 
by the porcelains. Mr. Peek has called our attention to Mr. 
Nicholson’s having found^® by increasing the mechanical loads 
applied to suspension insulators from 45 to 80 per cent of the 
ultimate that a corresponding increase occurred in the percent¬ 
ages which punctured from 5 to 80 per cent. He found that all 
punctured on the application of flash-over voltage as the ulti¬ 
mate mechanical load was approached. No transmission engi¬ 
neer has brought forward definite results showing that the 
ordinary mechanical-loading stresses cause these insulators to 
fail. Much evidence exists which indicates that failures are 
rarely caused by such loading stresses. An engineer in charge 
of one of our largest 100-kilovolt transmissions said recently 
that, strange as it may seem, those insulators which were left 
on the lines without mechanical loads have shown a greater 
percentage of failures. There are numerous reliable results 
which show conclusively that few sound insulators of the type 
and form here considered are injured electrically in service. 
When thus injured, most, if not all, are easily detected by in¬ 
spection and laboratory tests. For example, it is well under¬ 
stood that the voltage duty carried by the insulator next to the 
line is highest, that it diminishes as the position-distance of the 
insulator unit from the line conductor increases to about one- 
half of the highest value for the insulator unit that is adjacent 
to the tower. Contrary to this arrangement of voltage duties, 
Mr. John A. Koontz found that the insulator units located next 
to the 100-kilovolt line conductors in suspension strings fail at 
the lowest and those next to the towers fail at the highest rates. 

It is to be remembered herein that all of the units in a suspen¬ 
sion string project into the shadows cast by those above them 
except the one next to the tower which is exposed to the full 
heating effect of the sun, that the one next to the line conductor 
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has a slight advantage over the rest through cooling by any 
upward air currents that may occur. Mr. Koontz’s results were 
obtained through megger tests of 39,000 insulators largely^of the 
A, B and G, Table I, class, on a 100-kilovolt line. The tests 
were made in 1914 with a 1000-volt, 2000-megohm-range megger. 
The actual results are given below: 

TABLE II 

Number Per 


Total number tested, on lines, in power houses, sub- cent 

stations and switching stations. 39,000 

Total number found defective. 1,397 

Total percentage found defective. 3.56 

Numbers and positions in strings: 

No. 1 (At top of suspensions, or nearest tower 

in dead ends).• 314 25 

No. 2. 257 20 

No. 3. 228 18 

No. 4. 295 23 

No. 5 (next to line conductor). 175 14 

1^0 


In 1915 Mr. Woodbridge reported^ that ‘‘between September 
I>.1912 and November 15, 1914, there were 22 cases of insulator 
failures on the lines (of the Sierra and San Francisco Power Co., 
Stanislaus River Power House to San Francisco, 134 miles) 
from all causes other than mechanical and known lightning”. 
The lines were equipped with 5-unit, Locke Cat. No. 273, two- 
part porcelain insulators, operating voltage, 104-kilovolts. The 
two-part porcelains of these insulators are conical and their 
therrnal characteristics must differ considerably from those of 
the disc-units listed in Table I. Even so, the results are a help 
in eliminating the electrical and mechanical loading factors and 
m isolating the failures due to cyclic daily and seasonal tem¬ 
perature changes. Two (2) only of the 22 failures occurred 
during the seven months of late fall, winter and early spring 
when the lower and more uniform temperatures prevail; the 
remaining 20 failures occurred during the five months, May to 
September, wherein prevail the higher and more widely fluc¬ 
tuating temperatures. Fourteen failures occurred in a 10-mile, 
fog-pervaded stretch on the west shore of San Francisco Bay 
wherein the temperatures are made to fluctuate over wide limits 
during the summer months by a succession of calm, clear atmos¬ 
pheres^ alternating with cool fog-forming ocean breezes that 
come in through the Golden Gate. Twenty miles below this 
section the lines extend west across San Francisco Bay through 
^ in the Coast Range, thence across the narrow Livermore 
Valley, through the Midway Hills, on across the wide and evenly 
warm San Joaquin Valley and the foot-hills of the Sierras to the 
power house.^ Five of the remaining eight failures occurred 
among the Midway Hills where the temperatures must fluctuate 
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considerably, being the region of temperature conflicts due to 
topography, direct heat from the sun, cool breezes from the 
ocean and hot reverse winds from the great valley. Mr. Wood- 
brido'e says “only one failure occurred in the foot-hills of the 
Sierras, in which section the line reaches its highest elevation, 
approximately 3000 feet and where thunder storms are most 

frequent”. . . 

These results of Messrs. Woodbridge and Koontz eliminate the 
working electrical and mechanical stresses as the cause of num¬ 
erous sporadic failures and they strongly indicate such cause to 
be due to cyclic temperature changes, because the failures were 
most among those insulators that were continually being sub¬ 
jected to the widest temperature changes. The conclusion that 
the failure of suspension insulators by cracking is not due to 
electrical and mechanical duty is further strongly supported by 
the rapid failures of the LA lot to be taken up later and which 
had never been in service. There remain, therefore, the differ¬ 
ence in treatment as to cyclic changes in temperature and to 
moisture content of the cement. It would seem, if further 
growth or swelling of the cement caused the cracking in the 
porcelain caps of the 1-13 A-lot, that the abundant moisture- 
absorption cycles which all were put through in the yard treat¬ 
ment would have caused at least a few to fail among the A-lot. 
Such conclusion obtains further strong support through the fact 
that all insulators in this class fail most rapidly during wanm 
dry summer weather, especially in dead-end strings facing the 
sun and in country of light rainfall and hot summers. The 
charge of insulator tests on the lines from which the 
S-lot were removed has written; “during the extreme hot wea¬ 
ther which we had on June 14, 15 and 16 (1917) the insulators 
on the northeast side of the mountains, just beyond the point 
where we commenced testing, began to fail on both circuits of 
the line causing a complete interruption to our service over the 
tower line. Those which failed on the fifteenth were repaired 
on the afternoon and evening of that day. However, the next 
day was a little warmer and more failures occurred which caused 
the line to go down a second time. The same performance was 
repeated on the afternoon of the seventeenth when the tern- 
perature in the neighborhood of the insulators on the tower 
probably reached 125 or 135 deg. fahr. It was observed that 
the majority of the strings of the insulators which failed were on 
the dead-end towers and were turned up with the bottom of the 
insulators toward the sun during the hottest part of the day. 
After further investigation of the conditions prevailing at t e 
time the particular insulators failed, I found this was not true 

in all cases.’’ . , . 

Thus it follows that the only factor which remains to account 
for the difference in the failures by cracking during the yara 
treatments of the A, 0.0 per cent, and 1-13 A-lots, 13 per cent, 
is the difference in cyclic temperature changes that they were 
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put through prior to such yard treatment. The indication is, 
therefore, that when the insulators which are liable to fail by 
cracking have been put through 1000 rfc cycles of temperature 
changes ranging to 10 ± deg. cent., they will fail by cracking at an 
accelerating high rate. We may call this result thermal fatigue, 
since many temperature variations in the insulators have pro¬ 
duced changes of some sort in their makeup, so that they will 
fail rapidly when the temperature changes are continued The 
results in Table I were obtained through durability studies that 
were begun at Stanford for the California Power Companies one 
year ago. This table is virtually an extension of Table I 

of the paper by Clark that appeared in the Trans., 1916, p. 1453.-'’ 

In Clark s table and on the photographs, therewith, the insu- 
ators and their manufacturers were distinguished by corres¬ 
ponding letters. With the addition of the LA and S-lots, the 
insulators and results that are listed herewith in Table I are the 
same as those listed in Clark’s table and are distinguished by 
the same letters The results as a whole may now be considered. 

• Insulators. The same manufacturer fur- 

A-jots in 1912, C lots in 1913 and the 
fill T’c identical in make-up except that in 

.nnilfi caps and studs was 

^ of the porcelain caps 

AnofiA ® purpose of reducing thermal expansion stresses. 

^913 la, BL and B-lots in 1912, 

1 -hIho^^ 1916 lespectiyely These lots are identical except for 
Sf M ® ^^^ch had been altered so as to shorten 

mJtS base of the 

S£rin l90sIiH f^™ished by another 

malcer in 1908 and 1916 respectively and are essentially the same 

Oi S cT^lotTil^l'qir’ qA’^^^ber manufacturer furnished the 
Sosln thli nf fA ^^®^ identical except that the 

latter ^ former were two-thirds of the length of the 

BL'and ciTf''” insulators in the 1-13 A, 

h and G-lots were placed m service shortly after their receint 
froni their manufacturers, on 100-kilovolt lines, mainly at low Tl- 
htudes in central California with moderate temperature changes 

sril- r three and six and one-half years rc- ■ 

pectively, prior to their arrival at the laboratory. Those of 

2 low ifTA ^ 100-kilovolt line mlinly 

at low altitude in southern California with less modern fc ten? 

perature chanps; and of the S-lot, three years, on a 6Wdlo2olt‘ 

A and Temperature Changes. Those of the 

A-lot were stored at a temperature “that varied but little’’ in n 

1 “ from th2ti2e’'Trt California for four years ■ 

war arwh22?l *^®^" ^be manufacturer to a 

war ago when they were sent to the laboratory. Those of the 
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LA-lot were left four years in crates and corded in the open in 
southern California where there is a succession of hot minless 
summers and where they were subjected to severe ^ daily and 
seasonal temperature variations. The BL’s, J’s, H’s and Q’s 
were not stored having been delivered at the laboratory a year 
ago direct from their makers. The G’s were in service six and 
one-half years, in storage with moderate temperature variations 
one and a half years, and then delivered to the laboratory a 
year ago. 

Results in Regard to Porosity. No insulators that appeared 
to be porous were given this yard treatment. Although al¬ 
ternately wet and dry during most of two hundred days in the 
yard none altered its insulation resistance in a manner to indicate 
porosity of its porcelain. Furthermore, in advance of such yard 
tests, few in these lots had failed because of porosity. It must 
be remembered that they were selected by their contributors 
and sent to the laboratory for durability studies on the general 
understanding that they were sound and fully fit for service. 

Results as to Failures Caused by Cement. Although the cement, 
particularly around the studs, was subjected to many cycles of 
water absorption and evaporation, no results so far have been 
obtained to indicate that the swelling of the cement and its 
thermal expansion are important factors in bringing about the 
failure of these insulators. If any had failed from either or both 
of these causes, some of them would have been found among the 
A, B or G-lots which differed from the rest only by not having 
been fatigued with temperature changes. 

Results in Relation to Failures Due to Mechanical Loading. 
None of the insulators under our observation failed in a manner 
that indicated the initial cause to be ordinary or moderate 
mechanical loading. Next to the highest percentage of failures 
was encountered in a lot that had carried no mechanical loads 
after leaving the factory. On the other hand almost the 
lowest percentage of failures occurred in the batch that had 
carried a 100-kilovolt line in actual service for 6.5 years. As 
already stated Mr. Nicholson found four years ago that high 
mechanical loads will cause many suspension insulators to punc¬ 
ture on the application of flash-over voltage. This in the light 
of the facts now presented, is a result to be expected. If cracks 
in the porcelain caps are deepened by temperature changes and 
the mechanical stresses they induce it would seem that heavy 
mechanical loads should produce much the same result. It is 
evident that Mr. Nicholson’s studies should be continued so as 
to obtain the combined effects of temperature changes, 
mechanical loads and applications of flash-over voltage. It 
may well be that high mechanical loads and numerous and wide 
'temperature changes will cause many of the suspension insu¬ 
lators now in common use to fail rapidly. 

Results as to Failure by Cracking. All failures under tests that 
followed the yard treatment were observed to be due to cracking. 
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Of the 92 that failed in a total of 786 after yard treatment, the 
high-duty megger found 5 (porosity or non-porosity thereof not 
yet fully determined) and the application of spark-over voltage 
for ten seconds or less caused 6 to fail through local cracks in the 
disks, and the remaining 82 to fail through cracks in their caps. 
(When an insulator failed under the spark-over test immediately 
after it was found to possess a normally high insulation resistance 
the result was assumed to be due to cracking.) Thus of the 
93 that failed after yard treatment, 88 are known to have failed 
through cracking, and it is likely that further study will reveal 
that most if not all of the remaining 5 failed through the same 
cause. 

That this large amount of .failure through cracking was due to 
a form of “fatigue” brought on by a large number (IGOOzh) of 
cycles of temperature ranges of lOrb deg. cent, is determined 
specifically as stated in the beginning by the results obtained 
from the A and 1-13 A-lots. While the A’s lost none, the 1-13 
A s lost 13 per cent after a yard treatment of 196 days due as 
have seen to the fact that the former had endured only 
while the latter had gone through 
cycles. Other factors than cyclic temperature changes 
which might be assumed to account for such results, have been 
eliminated. 


duplicated the results obtained from 
the A s and 1-13 A s except that the B’s are a year and the BL’s 
our years old. Both came to the laboratory a year ago, the 
B s direct from the factory and the BL’s from a power line after 
1 service. They differed during yard treatments of 
189 and 186 days respectively only in the age of their porcelains 
and cements. The results from the A’s and 1-13 A’s have 

ff iiot be much 

of a factor where there is so Httle difference in design as that 

n'Serted'irffsot^ difference in the ages of the cements is 
neglected as a factor then it is seen that the comparison of the 

results by yard treatment of the B’s and BL’s forces the same 
conclusion; viz that they are of a type and make of inLiZ? 

crackmg produced by temperature changes 
after they have been put through 1000 ± cycles of temneratum 

for the BL’s^^''“^ 21.,5 

The results from the LA’s insist upon the same eonclusion 
Twelve thousand of them were stored in suchTmZer S 
they underwent in southern California 1500 ± less Somto 
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failed on the application of 10-second spark-over voltage, making 
a total of 19 insulators or 19.4 per cent. These laboratory tests 
were made early in November, 1916, while the megger and one- 
minute flash-over tests at the place of storage had been made 
during the preceding July, an interval of 100 d= days. The 
numerous failures through initial laboratory tests were mani¬ 
festly due to the remaining severe summer temperature cycles 
over and above the preceding 1500 ± cycles that this lot of 
insulators had been through. After yard treatment from No¬ 
vember 9, 1916 to March 3, 1917, affording 114 moderate tem¬ 
perature cycles due to that many mild winter days, the spark- 
over test caused 5 per cent to fail. From March 3 to June 20, 
110 more days of severer temperature cycles, thermal fatigue 
progressed so that the spark-over tests at the close of this period 
caused 21.5 per cent more to fail. Thus it is seen that the less 
moderate spring and early summer temperature cycles caused 
the insulators in this LA lot to deteriorate at a rate that, was 
more than four times the corresponding rate for the more 
moderate temperature cycles of the preceding winter. 

Of the C’s, after 3 years of 100-kilovolt line service under the 
less moderate temperature cycles in the lower altitudes, one 
failed on megger test and 12 by 60-cycle spark-over voltage, a 
total of 16 per cent, immediately in advance of the yard treat¬ 
ment. After 168 days in the yard 5 insulators, or 7.2 per cent 
of the number treated in the yard, failed on spark-over test. 
Of the S’s after three years in service on 60-kilovolt lines at 
higher altitudes and severe temperature cycles, one by megger 
and 10 by spark-over, total 11 per cent, failed immediately in 
advance of the yard treatment. After 129 days of such treat¬ 
ment 2 failed by megger and 22 by flash-over, a total of 26.4 
per cent of those treated. 

It is especially to be remembered that the A’s, 1-13 A’s, C’s 
and S’s are identical in make and nearly so in age, that the A’s 
from even-temperature storage lost none, and the rest from ser¬ 
vice with its temperature,changes lost heavily under the yard 
treatments, and that other factors that might be assumed to 
account for these results have been shown to be almost wholly 
absent in the circumstances. 

The foregoing insulators, thoitgh of two different makes, are 
evidently in much the same class as to cracking. All were found 
to have a certain liability to fail through cracking after en¬ 
countering 1000 zb temperature cycles. The remaining Q —Q 2 , 
J and G—H lots ,are in differing classes of their own in respect 
to thermal fatigue or cracking. The Q’s had not been in ser¬ 
vice, came to the laboratory direct from the factory and promptly 
developed thermal fatigue and failure by cracking.^ They came in 
two varieties distinguished by the length of their caps, the Qi’s 
having two-thirds the length of the Q 2 ’s In advance of the yard 
treatment of 235 days none of the Qi’s failed by megger or spark- 
over and thereafter 4 insulators, or 8.5 per cent, failed by spark- 
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over. Correspondingly for the Q 2 ’s, three failed in advance and 
9 insulators, or 20.4 per cent, failed thereafter. These results 
are of value showing that the short caps in surrendering some 
ultimate mechanical strength have gained considerably in dur¬ 
ability during the first year following their manufacture. 

The J’s have the same manufacturer as the A’s, 1-13 A’s, C’s 
and S’s. Outwardly the porcelains appear to be much the same 
in all. The J’s differ from the rest, however, in some departures 
in design and assembly that have evidently been made with a 
view to lessening the failures due to thermal-expansion strains. 
They arrived at the laboratory a year ago, encountered no fail¬ 
ures in advance of a yard treatment of 200 days and thereafter 
two of them, or 2.2 per cent, failed on spark-over test. It is of 
particular interest to note here that these insulators have not as 
yet made as good a durability record as have the older A’s from 
the same manufacturer. 

The G-lot were purchased 9 years ago. They wei'e in service 
on a 100-kilovolt line for 6.5 years, and then stored for 1.5 years 
before their arrival at the laboratory a year ago. They are 
among the earliest insulators employed for 100-kilovolt trans¬ 
mission on the Pacific coast and are of the so-called flat disk 
type. Microscopic sections were made of porcelains taken from 
each kind of insulator mentioned in these tables. Such sections 
have been .examined in the field of the polarizing microscope 
under the guidance of Dr. A. F. Rogers, Professor of Mineralogy 
and knowledge gained through the available technical papers.^-'*. 
Studies are being made also of the mechanical designs of these 
insulators. The porcelain in the G-lot of insulators differs some¬ 
what from the porcelains in the other lots, listed in Table I. Its 
grains of flint are finer and more uniform in size and distribu¬ 
tion. The temperature of burning appears higher, though wc 
are not sure of this as yet. It stands lowest in abrasion and 
almost the highest in hardness as determined by tests made in 
the_ materials laboratory by Mr. W. L. Parker.^ Although 
designed about ten years ago the caps and hardware of these 
insulators were so formed that the mechanical stresses produced 
by temperature changes may have been less than in the general 
mn of later designs. To date, although by far the oldest, these 
insulators are showing the best all-around durability character¬ 
istics of those that have been received at the laboratory. Ex¬ 
ception hereto is made of course for the latest makes wherein 
there has not been time enough as yet to develop the facts as to 
durability. So far none have been lost among this G-make of 
insulators after a yard treatment of 201 days. The insulators 
in the H-lot are the same in design and make-up except that 
they were received from the factory one year ago. 

In studying these results as a whole in relation to the design 
and make-up of the insulators from which they were obtained 
it is not apparent that faults in design are the only cause of 
thermal fatigue or cracking; it is apparent to a limited extent 
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that the qualities of the porcelains, cements and methods of 
assembly are also causes for the extent of this large class of 
insulator failures. No studies have been made as yet in the 
reduction of ultimate mechanical strength that occurs when the 
maker seeks to lessen the mechanical stresses due to temperature 
changes. This is a matter of importance as Mr. Austin demon¬ 
strates. 

It is a matter of speculation as to whether the cracks in the 
porcelain caps or disks were started and deepened by temper¬ 
ature changes or existed in the porcelains in advance (through 
faults occurring in manufacture) and were subsequently deepened 
by temperature changes. There are evidences to support either 
assumption and perhaps both may be correct. If the former 
assumption only is correct the remedy for cracking is to be 



Fig. 1—Suspension Type Insulator Tests 

Failures in Relation to Duration of Spark-over Test 


looked for in design; if the latter only is correct the remedy is to 
be found by inaproving the porcelain; and if both are correct 
the remedy will require the adoption of both expedients. 

The times in seconds of application of 60-cycle spark-over 
voltage in relation to the numbers of insulators of the several 
lots that failed in advance of and after the close of the yard 
treatment are plotted in Fig. !.• The corresponding integral 
failures are plotted in Fig, 2 showing all of the failures that occur¬ 
red under the spark-over test applied for any interval of time of 
10 seconds or less. 

The conclusion herewith was stated at the beginning, and in 
effect thus: The rate of failure of suspension insulators of the 
cap-and-stud type, by cracking, is due largely to the number and 
range of natural temperature cycles that they have been put 
through, 
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The third paragraph of the Brundige paper constitutes 
virtually a discussion of the recent papers on insulators by 
Woodbridge, Clark and Ryan.^'^'^. Exception is taken to the 
statement of the author that we ''have quite definitely taken the 
stand that practically all insulator deterioration is ultimately 
attributable to porosity”. The stand as actually taken was 
quite different as anyone' may see in reading the conclusions 
stated in those papers,^ viz: "Recognition of porosity as a con¬ 
tributing cause of suspension insulator failures has not lessened 
the importance of design features that reduce cracking through 
differential thermal expansions and failure through electrical 
overstresses and the heat of heavy flash-overs.” A year ago 
when our present laboratory studies were undertaken it -was 
known through the earlier Brundige paper® and the experience of 
transmission engineers generally that the great majority of 



Fig. 2 Suspension Type Insulator Tests 

Aggregate Failures in Relation to Duration of Spark-over Test 


ST^pension insulators which failed were cracked in the cans 
Abundant evidences were also at hand which showed that the 
qualities of porcelain and cement are factors that bring about 
failure by cracking or otherwise as well as the thermal-me- 
cnanical effects. 

To segregate these factors, studies were first made of the 
qualities of the porcelain used in the construction of a variety 

fa,ir numbers with all means then 
available. Spark-over tests were not employed because of the 
need of knowing as much as possible about the qualities of the 
porcelains before injunng many of them by the application of 

tlhf adopted ako7o develop 

the meaning of results by megger test. The papers were pre¬ 
pared m October and November, 1916, and covered the initial 
laboratory studies just specified. We were wholly unprepared 
Se C8,?,f nr relative proportions of insulators that fai^from 
one cause or another and we made no effort to do so. Later on 
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we have undertaken to determine effects due to thermal-me¬ 
chanical actions subject to control by design and setting-up. 

The present papers have their origin in the transmission prac¬ 
tise, the research laboratory and the factory. They are of high 
value. Strangely enough the practise paper lowers and the 
factory paper raises the estimate of the importance of the 
quality of porcelain for high-voltage insulators. This is the 
result of an oscillation that has occurred in the process of each 
coming to the point of view of the other and going a little beyond. 
Let there be no mistake,—porcelain to be used for the cap-and- 
stud type of suspension insulators, must be non-porous, tough 
and strong as indicated in the factory paper. Likewise dur¬ 
ability improvements have surely been made in these insulators 
when the mechanical stresses in the porcelain produced by 
temperature changes have been materially lessened without 
losing ground seriously on other accounts. 

In testimony of the value of Mr. Austin’s glaze-color method 
for scaling the degree of burning applied to each individual 
insulator piece, the following results of tests are given: Four 
unmounted suspension insulators were received from the factory 
that illustrated clearly the way the method works out in practise. 
They were labeled A, B, C and D in the order of their degree of 
burning and color strength, A and C being the darkest and 
lightest in color and burned to the highest and lowest temper¬ 
atures, respectively. They were tested for absorption or por¬ 
osity by noting the rise in temperature produced by a 5-minute 
application through the caps of 10 kilovolts at 325,000 cycles, 
undamped, using mercury electrodes without corona formation. 
These radio-frequency tests were made before and after brief 
periods of immersion of the outer surfaces of the caps in potable 
water. A few high-duty-megger measurements were made to 
note any relation that might exist between degree of burning and 
insulation resistance. Except where the porosity is very great 
no changes in insulation resistance would be produced by a few 
hours of water immersion: 


TABLE III. 


Shade 

On arrival 

After 11.5 
hrs. water 
immersion, 
rise in 
temp, 
deg’s C. 

After total of 16.5 
hrs. water immersion 

Rise in 
temp, 
deg. C. 

Mega- 

meg¬ 

ohms 

20 C. 

Mega¬ 
megohms 
20 C. 

Rise 
temp, 
deg. C. 

A, dark.. 

4.6 

0.70 

4.5 

0.60 

4.5 

B» medium dark. 

4.9 

0.70 

5.2 



C, medium light..'. 

5.0 

0.67 

5.1 



D, light. 

13.6 . 

0.63 

26.1 

0.57 

39.0 
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J. Cameron Clark: It appears that Capt. Peaslee is rather opti¬ 
mistic about the possibilities of the quartz insulator. Its physical 
characteristics appear very fine, for example, it can be heated 
very hot and plunged into cold water without cracking. How¬ 
ever, I find well-informed ceramists rather uncertain about the 
permanence of fused silica as a material for insulators. There 
are certain peculiar inversions in the structure of the material 
which are not generally well understood, but which the ceramists 
understand, and which take place rapidly at very high temper¬ 
atures. On the other hand, it is thought^ possible that the 
material may change slowly and become brittle at lower tem¬ 
peratures than even 100 deg. cent. It seems to me we ought to 
have the benefit of the experience of users of quartz in other 
arts as to the permanence of the material. 

In the introduction to Mr. Brundige’s paper, he states that 
some people are attributing practically all the insulator trouble 
to porosity. Both Mr. Ryan and myself wish emphatically to 
disclaim taking that position. In fact, our experiments were, 
from the point of time at least, largely concerned with attempts 
to get water into insulators. Those experiments show that most 
porcelain is decidedly not porous at all, i.e., it has no apparent 
porosity, or porosity due to open-pore systems. Yet, of course, 
this does not minimize the disastrous effect that a small per¬ 
centage of porous units can have. The conclusion that perhaps 
most porcelain has ^no appreciable percentage of open pore 
systems is simply based on the fact that after months of soaking 
it has not been found possible to change the insulation resistance 
of the porcelain. Again, in the cases of some insulators which 
looked suspiciously low in insulation resistance, no change was 
found, even after drying them several hours at 150 deg. cent. 

In the paragraph entitled “Insulator Failures are Not Pro¬ 
portional to Degree of Firing in Kiln,’’ Mr. Brundige concludes, 
since he could detect slightly more failures among over-fired 
units than among under-fired ones, that porosity was of lesser 
importance among causes of failure. I would very mttch prefer 
to see a 60-cycle test to determine which of these units were 
porous, rather than the kind of test that was used. Perhaps 
some of that material had absorbed moisture to quite a large 
extent, which would very readily have been shown up, upon the 
high-voltage megger test, and still the insulator would easily 
have passed the test which was applied. 

As to the rate of deterioration, Mr. Brundige draws the con¬ 
clusion that it must be cracking that has used up the insulators, 
because of the fact that some of them, after having [passed the 
2000-megohm-megger test have gone down within a few days, 
showing that there was no appreciable insulation resistance left. 
I think it is important for us to remember that a 2000-megohm 
megger is not by any means adequate to detect all of the varying 
degrees of porosity in insulators. Instead of a 2000-megohm 
megger, it should have been a two-million-megohm megger, one 
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havini^- one thousand times the ran^c of the one mentioned by 
Mr. Brnndige. The resistance of a «ood porcelain unit is of 
the order of one million mei^ohms, or as we called it in our papers 
in January, one mej^ame^^ohm. Dry, sound units range roughly 
from a half million megohms to two million megohms, depending 
on the design, but if they are without cracks, or absorbed mois¬ 
ture they will be of the general order of one million megohms. 

Obviously, if you apply a 2(){)()-megohm megger to detect 
units which have varying degrees of porosity, you will pass, as 
good, many of those which are practically gone, catching only 
those which are really not worth talking about at all. When we 
appreciate the fact that a 2{)()0-megohm unit is down to a point 
where it has only 0.2 of 1 per cent left of its original resistance, 

I think it is not at all surprising that it may go in a few more 
days. It has ])robably been going down for a year or two, and 
by the time when we catch it with a 2000-megohm megger it 
really does not have anything left. It is entirely possible that 
if Mr. Brundige had dried out these units that were detected by 
a 20()0-megohm megger, he could have raised them vSO that 
they would have ])assed any ordinary 00-cycle arc-over test or 
oscillator test. Regarding porosity in small amounts, it should 
be remembered, 1 think, that there are two different kinds of 
porosity, either or both of which may exist in a given porcelain. 
Porosity may exist in very small scaled up voids, in which case 
it may be iii evidence only by reduction of the density of the 
])C)rcelain; or, it may appear in open, communicating pore- 
systems. 1 believe that we may have perfectly good units 
wherein the ])orosity by density is six, seven, or eight per cent, 
but the porosity in such units exists entirely in very small sealed 
u]> voids. Obviously, an ap])reciable i)erccntage of the other 
porosity means disaster. 

I do'not believe we are at all warranted in drawing any con¬ 
clusions regarding ])orosity from the examples of Hewlett units 
cited by Mr. Brundige. In the case of the Hewlett unit, we 
liave a'very remarkable insulator. It is unfortunate that we 
do not still have it,- -that it is not being largely manu¬ 
factured as a high-voltage insulator. In the Hewlett unit there 
is no cement to cause trouble. We have a unit that is glazed 
all over, and due to that fact, it may have a fair amount of 
total ])or()sity, and still be a satisfactory unit in not taking up 
water. It is not at all comparable with the cap-and-stud-type 
insulator. 

In regard to the older units purchased nine or ten years ago, 
to which Prf)f. Ryan refers in his paper,—we had approximately 
100,—we were never able to detect any porosity through com¬ 
municating i)ore systems. Many of them were soaked long 
j)eriods and many of them dried out in attempts to change their 
insulation resistance, but they had uniformly a resistance of 
nearly 2,000,000 megohms at 20 deg. cent. 

P hili p Torchio: Arc you referring to the Hewlett insulator? 
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J. Cameron Clark: No, these are the old flat-disk cap-and- 
sttid type. I think that on account of the record of certain of 
these older units, it is not safe to make the statement that all 
of these older insulators are unquestionably of greater porosity 
than many of the suspension type units manufactured recently. 
Whether it was an accident that they were made so good is a 
question, but it seems that the makers of that same unit cannot 
duplicate the performance today. 

Conclusion No. 4 in Mr. Brundige's paper, states that if it 
were proper to charge up the trouble to porosity we would find 
units having porcelain in all stages of resistance. As a matter 
of fact, we do find that very thing when we megger them with a 
proper megger having a range of zero to five million megohms. 
The results of such tests are reported in my paper, ‘'Experiments 
on Porcelain Suspension Insulator Units,'’ A. 1. E. E Trans 
1916, p. 1453. ’’ ’ 


Referring to Mr. Austin’s equivalent insulator circuit, (Pig 
13), his discussion states that ‘increasing the frequency to 
200,000 cycles will give little time for the leakage of charging 
current through ri and ^ 2 , so that a porous piece will act as 
though it were a perfectly good piece.” I suspect that Mr 
Austins reasoning here has been led'astray by his knowledge 
that damped high-frequency voltage, as applied by the oscil¬ 
lator, will not detect water-logged porcelain. However the 
application of^ sustained 200,000-cycle voltage will certainly 
result in passing relatively great values of charging current 
through Ti and to the middle dry zone. This fact has pro¬ 
vided Professor Ryan with a method of detecting porous porce¬ 
lain alter short periods of immersion in water. Professor Ryan’s 
paper describes this method briefly and presents a table of results 

application to several insulators purposely fired 
at different temperatures. ^ r 

nf ‘rf* Creighton: These three papers add to our kiiowledge 

Mr. Brundige points 
out the difference in dpimon by investigators regarding the 
deterioration, whether by porosity or cracking. Prof. Ryan has 
^own without question that the prevailing trouble on the 
Pacific coast was due to porosity. Mr. P. M. Downing sent 

Seme gS insulators from the lines of the 

Company, and the test indicated absorp- 
tion of moisture, not cracks. Mr. Austin suggests indirectly 
why the insulators in California happen to be porous He states 

tion and also, in a different place, that “this material was used 

otherwkp where conditions were favorable, 

timf this trouble would have resulted.” At the 

tirne this installation was made, there were no engineering re- 

SS t”. 

The reonrdc today on absorption are worthless.) 

Ihe records that have come to my attention of insulator 
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failures in the East show a large percentage of defects by porosity, 
although I am of the opinion that cracking has somewhat pre¬ 
dominated. However, it should be understood that in many 
cases where insulators were porous, the caps were removed by 
boring overlapping holes along the iron, and as a result of this 
damaging method the insulators have been actually cracked in 
the process of boring. I know of many cases where this method 
of removing the caps was used, and I discovered by my own 
experience that insulators I had known to be porous by measure¬ 
ment before, removing the caps were cracked after the caps were 
removed. Since adopting the method of sawing off the caps 
with a hack-saw, it has been possible to find a larger percentage 
of the insulators porous and without cracks. Mr. Bang of the 
Pennsylvania Water & Power Co., who kindly furnished me the 
last thirty, picked them out of 200 by high megger reading, and 
I find that the majority of them are porous. It is not always 
that engineers can have contrary convictions and still both be 
correct. 

To any one familiar with the narrow range of about 40 deg. 
on 1350 deg. cent, for firing, and the difficulties in maintaining 
uniform temperature throughout the kiln, it is not surprising to 
see batches of insulators come through from time to time either 
slightly underfired and porous or slightly overfired and brittle. 

Mr. Brundige has reviewed the logical factors which caused 
the breaking of the porcelain, namely, differential expansion 
between iron and porcelain, expansion of Portland cement: by 
continued hydration, and to these may be added the expansion 
of the magnesia content in the Portland cement which hydrates 
very slowly. There are other factors under investigation. 

Mr. Brundige speaks of small degrees of porosity which may 
not be excessively harmful. It will be interesting to determine 
just what degree can be considered harmless. It is recognized 
among brick-makers that there is a minimum degree of absorp¬ 
tion which * withstands freezing without cracking the brick. 
Perhaps there is a minimum degree of water absorption by 
insulators which will permit freezing without opening up the 
pores still further. 

There is a certain insulation resistance which is necessary. 
The capacity reactance (1 c a) oi a perfect suspension insu¬ 
lator is about 75 megohms. Therefore, if the resistance is 
several hundred megohms and does not decrease with further 
age, it may be used in a string of insulators without changing the 
distribution of potential of the units. However, an insulator 
measuring a few hundred megohms will be punctured by the 
fiO^cycle potential if other units in the string should fail in suf¬ 
ficient numbers to apply high voltage. Until more knowledge 
is gained of the effect of freezing on slightly porous porcelain 
which has absorbed moisture, it seems safer practise to remove 
even these insulators of comparatively high insulation resistance 
from the line, say 1000 megohms. Prof. Ryan finds good in- 
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sulators measure a resistance of the order of a million megohms. 
One thousand megohms, as indicated by a megger, indicates a 
comparatively poor resistance. The highest resistance I have 
found in highly vitrified 10-in. suspension insulators is three and 
one-half million megohms. 

It would be interesting if Mr. Austin would state further how 
“most of the porous material can be detected by the trained 
eye.” These observation tests, if I understand correctly, are 
on both the color of the glaze and the surface of the white porce¬ 
lain where it is exposed. I have found even experts frequently 
at fault in detecting porosity by the color of the glaze, and in 
my opinion the observer is led astray as frequently as he guesses 
correctly. Some colors of glazes are particularly sensitive to 
temperature and, other things being equal, the change in color 
will be an indication of the temperature. However, the change 
in color may be due to a change from one oxide to another, and 
a little difference in the air supply at the fire will cause more or 
less oxidation of the glaze and a consequent change in color long 
before the vitrifying stage of the porcelain is reached. I investi¬ 
gated coloring from another angle. I used an insulator, picked 
by an expert by its color as underfired and porous, but which 
by test showed perfect vitrification and absolutely no absorp¬ 
tion. I placed this insulator over the dome of the kiln where 
the temperatures fall much below the vitrifying temperature of 
the porcelain. This insulator was darkened to the color of the 
highly vitrified porcelain of the same make. I did not analyze 
the glaze. The darker color might have been due to absorption 
of carbon. ' There was a very interesting paper presented at 
the last annual meeting of the American Ceramic Society on 
the subject of color of glaze. The same glaze mixture gave 
distinctly different colors due to a difference in the atmosphere 
of the kiln. My feeling is that the detection of porous insulators 
by this method is too unreliable to use. I should be glad to 
have this statement challenged. 

Mr. Austin makes some interesting observations regarding 
tests of insulators, and I agree with him in most of his conclusions. 
While it may be that the 60-cycle test using flash-over and poor 
regulation is desirable from the standpoint of ease of testing a 
large number of insulators at once, and no doubt is better than 
the test using good regulation and no flash-over, still it is not as 
effective in weeding out poor material as the oscillator test. 
While an engineer may question the limit of severity which he 
wishes to impose in his insulator, I think there can be no ques¬ 
tion about the relative severity of these two tests. In one big 
porcelain factory, where they make insulators strictly for their 
own use, the oscillator test is used exclusively because it was 
found to pick out' more defective porcelains. The expense of 
testing is no greater than with 60-cycles, formerly used. Since 
the porcelains were only a small part of expensive apparatus 
any extra loss was undertaken to get the better porcelain. In 
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the early use of the oscillator, several years ago, the losses were 
much greater than in the previous 60-cycle testing, but due to 
improvements and care in the manufacturing processes, the 
losses were soon made as favorable as before. 

In the cross-section diagram of porcelain in Fig. 3 of Mr. 
Austin’s paper, if an insulator is so porous as to absorb moisture ^ 
under simple immersion, as indicated by the shaded portions, 
the porcelain, when dry, will puncture by the oscillator test. 
Such an insulator would be palpably defective. But assuming 
that moisture had penetrated very slightly porous porcelain, as 
indicated in this figure, then the high-frequency potential would 
stress the dry layer to a very high value, and would probably 
damage it. This is due to the fact that the layer of moisture 
next to the surface has a dielectric constant of about 80, and 
therefore the equivalent thickness of porcelain is comparatively 
small. 

When, however, the moisture extends entirely through the 
porcelain, so as to give a fairly uniform potential gradient, the 
resistance enters as a factor in preventing puncture by the high- 
frequency discharges. The modus operandi of puncturing a wet 
insulator consists, in the initial stage, of boiling out the moisture. 
If there is not sufficient energy in the discharge to do this in a 
brief time, naturally the insulator will not puncture, and the 
oscillator test, which is so effective on dry porcelain, becoines 
ineffective. However, if a combination of 60-cycles and high 
frequency is used—in other words, if a higher 60-cycle voltage is 
used in getting the oscillations rather than going through an 
oscillation transformer, sufficient energy will be taken from the 
circuit to boil out the moisture, and the comparatively enor¬ 
mous power of the high-frequency discharge will be able to do 
its effective work. 

As to the possibility of damaging good porcelain by the high- 
frequency test, I have examined many dozens of punctured 
insulators, and I have yet to find a puncture which was not due 
to a visible defect, either a crack or porosity. On the other 
hand, potentials as high as 100,000 volts at 200,000 cycles have 
been applied by the hour to insulators which did not puncture, 
and although all possible care was taken subsequently in their 
examination, no defect, such as blebs, laminations, or porosity 
could be detected. In brief, the experience indica,tes that good 
porcelain is not damaged by a reasonable test of high frequency, 
but many smaller degrees of defectiveness can be developed by the 
oscillator test than by the 60-cycle test. 

' Mr. Peaslee, says that there are “grounds for suspecting that 
in some manner certain insulators, deteriorate at a very rapid 
rate, due to dielectric stresses combined with other stresses in 
such a manner as to materially hasten the failure of the insulator.” 
While the mechanical causes of failure have been thoroughly 
discussed by a number of engineers during the past few years, 
knowledge of the dielectric flux concentration is comparatively 
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little known. It is of fundamental interest, and it may be a 
fruitful field of investigation. My experience has led me to 
conclude that trouble arises, in the usual designs of insulators, 
from defects rather than unequal stresses on the quartz, clay 
and feldspar as they exist separately or in different combinations. 
In the underfired condition, where the three ingredients aie only 
slightly united, the weakness of the air ducts is so great that the 
ingredients of the porcelain are not stressed to the limit before 
the air begins to conduct and allows puncture to take place. 
Where the porcelain is well vitrified and not defective, these 
unequal stresses treated by Mr. Peaslee should appear. ^ 

Careful distinction must be made between deterioration of 
insulators and deterioration of porcelain. We can all agree that 
the insulators deteriorate, but it is a mooted question whether 
porcelain deteriorates, except by opening of the pores due to 
freezing of moisture therein and by potential gradient beyond 
the electric strength. 

After the war opened in Europe the English ceramists found 
it impossible to obtain the French flint which they had been 
. accustomed to use in their ceramic work. Instead, they were 
forced to use ground quartz, and as a result the factory losses 
increased to an alarming proportion. There appeared cases 
which indicated that the porcelain had actually undergone dis¬ 
integration after it had been taken from the kilns. This subject 
was thoroughly treated by Mellor and presented in the Trans¬ 
actions of the English Ceramic Society. While quartz and 
flint are chemically the same. Si O 2 , they have different charac¬ 
teristics when heated, due to a difference in molecular structure 
of the material. Flint tends to lower its specific gravity quickly 
in one or two firings, whereas quartz requires a dozen or more 
firings to reach a lower stable value of specific gravity. 

The use of ground quartz in the ceramic factories in America 
is very common. At one time experiments indicated possible 
deterioration of our porcelain with age at atmospheric 
temperatures. Further investigation, however, showed that the 
deterioration was not due to any change in the structure of the 
quartz. Furthermore, Hewlett insulators made some ten years 
ago were carefully examined, and they withstood a higher 
dielectric test than they were given initially ten years before. 
In fact, their puncture voltage was as good as the porcelains 
today. This porcelain was made by Mr. E. L. Barringer. It 
was well vitrified. It evidently shows that porcelains can lie 
made which will not deteriorate at atmospheric temperature in 
any reasonable time, if ever. 

On’the whole, the three authors show a pessimism regarding 
the insulator situation which I do not share. I believe it is 
only a question of a comparatively short time until insulators 
will be available which are without defects and without any 
material deterioration; furthermore, that this desirable condi¬ 
tion will not be confined to one type of insulator. 
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E. M. Hewlett: The increase in voltage from 60,000 to 
100,000 called for a change in insulator design from the pin type 
to the unit-suspension type: When looking into the various 
possible designs for this high-voltage insulator, we did consider 
the cemented type. Our experience with cemented insulators 
covered 10 or 12 years before this time, for both indoor and 
outdoor service, and we had suffered a great deal of trouble 
with‘ this composite type of insulator made up of porcelain ce¬ 
mented to iron and pins. We recognized the strain on the 
porcelain due to. the expansion of different materials with dif¬ 
ferent coefficients of expansion, and the difficulty of analyzing 
and satisfactorily designing an insulator to overcome these 
conditions. Considering the problem of maintaining (as nearly 
as possible) an uninterrupted service on a long line supported 
by a great number of insulators, an insulator with a composite 
structure made up of porcelain, cement, and iron, with its un¬ 
known internal strains, did not seem attractive for such condi¬ 
tions. To avoid these strains and simplify the problem, we 
considered that an insulator designed so as to bring the porcelain 
under compression strain, without additional expansion strain, 

would give the most satisfactory 
results. This we accomplished 
in the Hewlett-insulator de¬ 
sign. While this construction, of 
course, presented some design 
and manufacturing difficulties 
to be overcome, we felt that it 
was better to work out the prob¬ 
lem along this line than to try to reconcile and correct all the 
difficulties in the composite, cemented type of insulator. We 
were able to work out the problem satisfactorily in the Hewlett. 
insulator as you see it, and I am glad, in view of the statements 
brought out here this afternoon, that we decided to follow this 
course. 

I wish to call your attention to ^e relation of wet and dry 
periods to the absorption of moisture and consequent d.eter- 
ioration of the porcelain insulating units. From Fig. 3 you will’ 
notice an assumed relation of wet and dry periods in which 
one-fifth of the time it is raining and four-fifths of the time it 
is dry. This is of course not an average all through the year, 
but may be an average during some seasons; at any rate it will 
answer the purpose of illustration. Now let us compare two insu¬ 
lators which are both non-porous, or both quite porous. One insu¬ 
lator is so built that it begins to dry immediately on entering the 
dry period; the other has cement in its structure, which absorbs 
moisture after the expiration of the wet period. This practically 
means for the second insulator an extension of the wet period 
from one-fifth to two-fifths or three-fifths of the total cycle. 
Assuming that it takes as long for the insulator to dry as it does 
for it to absorb moisture; if the wet period is prolonged, so that 


Dry Period 



Wet Period 
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It IS ^eater than one-half of the total period, there is never a 
time in which the insulator is losing as much moisture as it 
gains, consequently there is a building up of moisture and a 
gradual saturation of the porcelain. The uncomented insu 
lators^ which do not have a sponge to hold the water to be ab 
sorbed, are not handicapped by this building up of moisture and 
saturation as is the cemented type. 

There has been a great deal of discussion about the crackinv 
of the ceinented insulators, and the cause has been attributed 
to absorption of moisture, change in temperature, expansion of 
metal parts, expansion of cement, corrosion of metal parts and 
Tf expansion. Some of the small cracks. Uich are 
started by this expansion, are enlarged by the moisture freezing 
in them as frost cracks rocks, and the small initial crack mav 
finally grow to a deep enough crack, so that the insulator is 
weakened and only a relatively low potential is required to 
break dovm the unit These troubles seem to be common in 
tl^ cemented type of msulator, but in the single porcelain unit 
where the fittings only impose compression strain on the porce- 

lain and where the porcelain is wholly glazed, such troubles are 
reduced to a minimum. ^uuie.sare 

The link suspension units, as originally made, when fired in a 
kiln were supported at the center and a bald spot of unglazed 
porcelain was left. In the present design, the insulators^when 
being fired are ^pported on the same sort of a block but in a 
sand cu^ion. This makes it possible to glaze the insulator all 
owr, and while some of the sand sticks to the glaze, the glaze is 
ntact underneath the sand and thoroughly covers the porce- 
porcelain entirely glazed, and with no 

the w?tTen^?fT moisture past 

the wet penod into the dry penod, we have an insulator which 

Hewlett insulator has not been manu- 
^ extent, is to my mind the fact that it costs 

cemented toe was made to withstand SeJ ltraSj S 

proper reierence to the mechanical and physical 



1917 J 


DISCUSSION AT NEW YORK 


585 


limitations of the materials, and the operating requirements of 
the system, I think the whole situation would be different by 
now, insulators would be built as they should be and there 
would not be so many installed, which have to be taken out 
again. 

Philip Torchio: Mr. Hewlett, when you enlarge the part 
where the clamp goes, and there is a collection of water, have 
you found any damage caused by the freezing of the water? 

E. M. Hewlett: The hole in the insulator for the clamp is 
quite short, and when water freezes in this hole the ice can ex¬ 
pand into the open at both ends, so that there is very little 
strain on the wall of the insulator itself. We have subjected 
insulators in test to the influence of freezing water, and were 
unable to break them, neither have we heard of any troubles 
from this source in service. 

Percy H. Thomas: What we have been looking for in the 
last two or three years, the thing we almost have, but not quite 
secured, is really authoritative data as to whether it is cracking 
or porous porcelain that causes the trouble with high-tension 
insulators. I am inclined to take pretty seriously the evidence 
that Mr. Brundige has brought out. I believe his opportunities 
for observation are very broad. They are not, perhaps, as good 
in the laboratory as some other men may have, but as regards 
practical conditions, he has a wide range to judge from. The 
practical conclusion, it seems to me hinges on the fact that elec¬ 
trically the insulator, particularly under normal practise, does 
not get heavy strains—a 100,000-volt line has something like 
60,000 volts to ground, and if there are six disks the normal 
strain is only 10,000 volts per disk, while the insulator may have 
a puncture voltage of 150,000, or something of that kind. So 
that even if one insulator does have a check in it, and it does 
show on the megger, this does not mean there is going to be a 
breakdown, and it is not necessary to get panicky over this 
defective insulator. The megger test shows a percentage of total 
insulators which almost never runs more than 10 or 15 having 
low resistance. 

If, however, the cracking indicates a mechanical deterioration, 
a physical weakening of the insulator, so that it will not stand 
the same pulling stress, that is a very serious matter, because a 
single insulator disk failing mechanically drops the string. That 
suggests a question I would like to ask Mr. Brundige, or any one 
else who has the data, namely whether he has any definite results 
of pulling tests on insulators which have indicated a certain 
percentage of cracks or show on the megger a given degree of 
electrical weakness. 

There is another conclusion that perhaps we may draw from 
the fact that there is danger that disks will check and crack, 
especially if this checking does not mean a serious mechanical 
deterioration. Assuming we cannot get perfect porcelain, or 
perfect insulators why is it not better to use two-piece suspension 
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units—they are not apparently over popular, but they are used 
in a number of plants. I think that very serious consideration 
is warranted as to whether the added expense is not worth while. 
We have two shells in one unit, and can have almost as many 
units as if we had a mere single shell in each, and it requires 
simultaneously the puncturing of two, to get the same effect as 
puncturing a single piece unit. I imagine if it were possible to 
prove mathematically the actual gain that exists in the two- 
piece insulator, that purchasing agents would not hesitate to 
pay the extra price. 

A fused silica or quartz insulator will certainly have some 
advantages, but from such experience as I have had with fused 
silica, I am afraid it is likely to be brittle. Time and trial must 
offer the proof, and it will not do to draw conclusions now. In 
the case of the manufacturers who are making strong, thick 
sections, possibly the brittleness will not be serious. The danger 
of brittleness should not prevent a trial of the quartz insulator. 

There is one other consideration I should like to suggest, and 
that is this—following up the idea that if there is no mechanical 
weakening of the insulator from a slight check,^ such as lessens 
its electrical power, and if we can use the porcelain in such a way 
that it does its mechanical work, without being subjected to 
any severe electrical stresses, we then reduce the severity of the 
requirements of the porcelain very much. With a practical way 
to use the suspension insulators with the porcelain in tension, 
then the electrical stress can be very largely taken off the porce¬ 
lain as a puncture stress, and I think any of our present porce¬ 
lain would be able to stand the electrical conditions without 
failure. 

John B. Taylor: My remarks are limited to Mr. Peaslee’s 
paper, and more especially to the photomicrograph plates, be¬ 
cause it is not at all clear to me that these plates, though interest¬ 
ing, have along with them enough data to justify drawing any 
conclusions from them. Just so that the record will be clear, 
I assume all of these plates are polished, thin, transparent 
sections, such as the petrologist uses in his work. A quartz 
being one of those classes of crystals which have different prop¬ 
erties and directions, which show up differently in polarized 
light, so that one of these plates with the white patches on it 
gives no indication of the particles of quartz in between, which 
by the law of chance, are differently orientated, depending on 
the different cut of the slate, and the different plane of polar¬ 
ization of the light, which was not brought out in the plate. 
It is true that quartz, like the grain of wood or the crystal 
structure in iron, or other materials, has different properties, 
mechanical, optical, electrical, or magnetic, perhaps, in its dif¬ 
ferent directions, but that is no reason why we should take it 
for granted that this may be an important factor in insulator 
design. I think it is possible to look up the right values for the 
specific inductive capacity of quartz for the different optic 
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axes, and that should be added before we are justified in drawing 
any conclusion from the theories advanced. 

I think also that these photomicrographs are apt to be de¬ 
ceiving to people who are not working with them. The mag¬ 
nifications are high, 300 diameters in all cases. If we take 
the average size of these white patches of quartz and roughly 
estimate that size, perhaps, as one centimeter square, it means 
that in a cubic centimeter there are some three millions of these 
particles. There has got to be quite a substantial change in 
these in the one direction, and on top of that a very substantial 
difference in specific inductive capacity and breakdown ca¬ 
pacity to lend this theory any force. 

C. Francis Harding: A good deal has been said about the 
cracking and thermal effects in suspension type insulators, but 



FLASHOVER' PUNCTURE 

4—Tests of Suspension Insulators. Single Units 

little connecting such facts with the so-called puncture test. 
These puncture tests have been taken with perhaps a grain of 
reluctance by a good many insulator manufacturers and utilities, 
but they do show something, I feel, in regard to the actual 
strength of the porcelain under electrical stress. 

Recently I had occasion to make some acceptance tests on a 
number of manufacturers’ insulators, and the usual puncture 
test on each unit of the suspension insulator was made by placing 
the units under oil, and applying the voltage between the two 
metal parts of the unit. After these tests had been made on a 
group of the samples, it was thought desirable to make some 
porosity tests by soaking the insulators for twenty-four hours 
to determine the absorption. After that had been done we were 
interested in placing these units which had been thus soaked ^ 
the puncture test, and some rather surprising results were ob¬ 
tained. Fig. 4 will show that effect. These insulators were 
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supposed to be used with three units in each string, on a 33,000- 
volt line, and there were some four or five manufacturers’ insu¬ 
lators tested. The tests at the left of the figure are of little 
interest, being the usual flash-over test, but the two sets of 
ordinates at the right entitled “Puncture, dry,” and “Puncture, 
wet,” I wish to call attention to, the puncture voltages being 
indicated in kilovolts on the ordinate scale. Each of the curves 
represents insulators of similar rating submitted by different 
manufacturers. Two manufacturers’ insulators tested higher 
on the dry puncture test and one group, surprising as it may 
seem, had a higher puncture test after the soaking for twenty- 
four hours.in water than before. 

Now, that fhay be due—and I wish these tests taken for just 
what they are worth—to the fact that a comparatively small 
number of insulators of each manufacturer were tested as com¬ 
pared with some other tests which have been presented by Prof. 
Ryan. On the other hand, the tests may have some value 
when it is stated that group, B, which tests higher after immer¬ 
sion than before, not only represents the average of a number of 
insulators, but every one of the individual insulators which was 
tested after soaking for twenty-four hours in water had a 
higher voltage puncture than the average of a corresponding 
number of the same make, tested without soaking in the water. 

Just what effect that may have in practise I do not know, 
unless it may be this: The only explanation I can offer for this 
result is the fact that it is quite possible that the stress is more 
evenly distributed after the surface is wet than before, and so 
the insulator may require a higher puncture voltage as a result 
of the condenser action, assuming the wet surfaces of the insu¬ 
lators as plates of a condenser. It may, however, have some 
bearing on this discussion of the failure of insulators due to 
temperature changes on the line in dry and wet weather. For 
instance, during the dry weather, when the higher temperatures 
obtain, you would have possibly, if this theory is correct, a con¬ 
centrated stress at some one point on the insulator, depending on 
its design. In the wet weather, you would have not only lower 
temperatures, but a simultaneous, more even distribution of 
stress throughout the dielectric. These combined effects might 
give an additional thermal strain and cause breakdown. 

J. T. Barron: I notice in Capt. Peaslee’s paper that he states 
that he left a number',of insulators in the storeroom for two 
years and had 14 per cent of failures on 60-cycle flash-over. I 
think if his paper is based on insulators of such characteristics 
as these, which are rather exceptional, that possibly the main 
deductions which he makes are not true of the average insulator. 

I think that a lot of the data in Mr. Brundige’s paper also 
are questionable; because in the past we have received a large 
number of insulators which proved exceptionally poor and then 
later received a large number of the same type of insulators manu¬ 
factured under better conditions which have been exceptionally 
good. 
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I notice Mr. Austin states that the production of a specified 
insulator is no small problem if the cost is to be comparatively 
low. In the discussion, the cost of the insulator has also been 
taken into consideration.^ I think that is wrong. Eighteen' 
months ago we were paying about five cents a pound for our 
porcelain in the pin type insulator, and today we are paying 
ten cents a pound. Everyone is buying what they believe to 
be the best insulator, and the engineer, rather than the pur¬ 
chasing agent is making the selection. I think Mr. Austin is 
trying to cover the insulator manufacturers when he talks about 
the low cost, being a determining feature. 

Mr Austin states that the size, type and number of cement 
ioints affect the cracking, and also that the largest and apparently 
the strongest insulators crack the soonest. In Fig. 6 he gives us 
two pictures showing approximately 60,000-volt insulators, the 
old one being a four-piece and the new one a three-piece. The 
three-piece unit, which I believe is a new type put forward by 
the insulator companies in the last year or two, is apparently 
the stronger insulator, and yet it is stated that the strongest 
insulator will crack the soonest. I would like to have him clear 

up that point. ^ j 

The proposition of cracking, I believe, is generally confined 
to the head of the insulator. vSeveral of the manufacturers 
insist that the two-piece insulator is better than the three-piece. 
If the head cracks with a three-piece insulator, there is quite a 
good chance of there being no failure of the entire unit, which 
I believe is different with the two-piece insulator. 

Prof. Creighton referred to the possibility of 60-cycle tests, 
with poor regulation at flash-over, being a good test, but not 
necessarily taking the place of high frequency. I ha.ve tested 
some twenty-five thousand insulators, with a normal line rating 
of 45,000 volts, which had been tested at the factory with 60 
cycles, very poor regulation, and these insulators under high 
frequency have given us a failure of 0.4 of one per cent, or about 
four in one thousand. I think that this shows that this kind of 
a test is quite beneficial in weeding out practically all of the 
defects as all other types of insulators which we have tested at 
high frequency and which had only the normal 60-cycle test at 
the factory have shown more than one per cent failure. 

Philip Torchio: It has been stated already that the impres¬ 
sion conveyed by these papers is calculated, in a way, to weaken 
the confidence in the reliability of service of extra high-voltage 
transmission lines, using series of suspension insulators. I know 
that none of the authors intended to convey such an impression, 
I would ask, however, that some of the operators, or possibly 
Mr. Brundige in closing, would cover the point that the papers 
refer to, deterioration of individual units, and not to failures of 
series of insulators in service emphasizing instead the degree of 
reliability and the very small number of interruptions^or pos¬ 
sibly entire lack of interruptions—to the service due to the 
failures of the insulators oh extra high-tension lines. 
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J. A. Brundige: At the beginning of Prof. Clark's remarks 
I was somewhat disturbed to think I had wrongly interpreted 
Prof. Ryan’s paper to mean that he considered the majority of 
insulator troubles attributable to porosity; but as I listened to 
Prof. Clark’s further remarks, I began to feel better, for I 
believe it is evident that he, at least, still has a strong leaning to 
the porosity hypothesis. 

Mr. Thomas has asked the question whether we have found 
on testing, any mechanical weakening of the insulator units 
after having been shown faulty by means of the megger. Several 
units have been tested in this manner, and nothing has been 
found which will indicate any mechanical weakening from such 
causes, nor does it seem probable that there should be a weaken¬ 
ing of this character. Reports have been received from other 
operating companies also, which seem to bear this out. 

Regarding a statement made by Prof. Creighton that the 
general tone of the papers this afternoon is rather pessimistic, 
the author must admit that he is not over-confident with respect 
to the future performance of many, if not all of the cap-and-stud- 
type suspension insulators now in use. Another speaker in 
commenting along the same lines has suggested that as my 
paper deals with the performance of insulators manufactured 
several years ago, the data therein should not be used to estimate 
the possible performance of later suspension designs. While it 
is true that the paper is mostly based on a study of insulators of 
the older types, it seemed very necessary to make such a study, 
for as you have seen today, it is very evident that there is no 
general agreement even yet on the underlying causes of insulatof 
failures. Without definite information in this direction we are 
rather in the dark regarding the possible behavior of the newer 
t 3 yes.^ There are doubtless not many transmission engineers, 
who, m view of their experience with past insulators, would 
accept the newer types on faith and leave them on the line for 
several years without making periodic inspections and tests. 

This will answer Mr. Torchio’s question whether it is not true 
that there are now relatively few line interruptions due to in¬ 
sulator deterioration. ^ While there are comparatively few actual 
interruptions from this cause, it is generally due to the fact that 
the operating companies follow the condition of their suspension 
insulators quite constantly and test them out by the megger or 
other methods at least once a year in order to weed out the 
defective units. 

A. O. Austin: I quite agree with Mr. Torchio that if we look 
only at the troubles of the insulator, the situation appears 
rather pessirnistic and tends to affect the development and 
nnancmg of the largest power-transmission projects. The insu- 
ator, however, has passed beyond the experimental stage, the 
^ largely one of operation and maintenance, 
there is much evidence to show that the insulator outlook is 
very bright at the present time. The increasing severity of 
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operating conditions has been successfully met and even the 
problem of handling lightning has been quite easily and success¬ 
fully solved. The largest size insulators, as well as the smallest, 
can be made puncture-proof and in addition, the larger sizes 
do not spill during even the most severe lightning storms. 

It was not many years ago, that it was thought impossible 
to handle the lightning problem successfully. It was reasoned, 
however, that the stress which could be placed upon the insulator 
was limited and not nearly as severe as generally supposed. 
Stress can only be placed on the insulator through the conductor, 
which in turn is surrounded by air having very definite limita¬ 
tions as we all know. It awaited only for the production of 
good insulators to prove the point. 

When an exceedingly severe stress is thrown on the conductor, 
the air breaks down and limits the stress, so that an insulator 
having a fiash-over around 400 kv. seldom,_if ever, spills on the 
line. Starting with this assumption and using common sense in 
design of the insulator so as to obtain factors of safety for true 
operating conditions, resulted in an immediate improvement in 

the insulator performance. , , , . . • , 

A short-spaced insulator, although having a comparatively 
small factor of-safety at best, has given a phenomenal perform¬ 
ance. Line after line has been thrown in without a single 
failure, while a few years ago, a line would have to go through a 
weediiig out process before it would attain even a reasonable 

degree of reliability. j 4 . f 

Lines having old insulators or ones assembled without some ot 
the later refinements may have much faulty material which 
must be removed from time to time to give good operation. 
This is a problem of operation and much trouble would be saved 
if the weeding out of poor material was given more attention. 
It is not necessary that all of the poor material be removed to 
place the line in good condition, for the removal of only a part 
of the faulty material may reduce the probable trouble to a 
negligible quantity. This is readily seen by looking at the 
curves on operating hazards, for various percentages of depre¬ 
ciation shown in the paper* presented before the Institute in 1914 
The tendency in modern insulator design is to give careful 
consideration to the factors governing maintenance and first 
cost for it has been proven by many lines that there is little 
cause for insulator trouble for at least several years even with 

only a fair design, if well made. ., , n • xi, 

That maintenance has been considered very carefully in the 
design and manufacture of insulators is seen by a comparison 
of the modern insulator with the best of a few years ago. In 
insulators of the same rating, it is noticeable that the inodem 
insulator has a fewer number of parts; the three-part taking the 
place of the earlier four-part; the two-part taking the place of 

the three-part, etc. , 

As it is clearly recognized that the probability of trouble from 
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matching up of faulty members is increased with the reduction 
of the number of parts and furthermore the manufacture of 
insulators with fewer and better parts is much more difficult, 
it is seen that modern practise is directed at maintenance rather 
than electrical design. 

The very satisfactory operation of many lines which have 
been installed in the last few years shows that the modern 
insulator with fewer number of parts is not deficient in any way 
so that we may take advantage of their lower maintenance or 
depreciation. 

Experience has also shown that insulators having a large 
number of parts have a higher percentage loss based on the total 
number of shells, so that the loss will increase at an even greater 
rate than the number of parts in an insulator, other conditions 
being the same. * ' 

Much of the present insulator trouble can be prevented if the 
line is gone over with a megger or other suitable apparatus and 
the faulty material eliminated. It is very difficult to get the 
operating man to take the necessary time to weed out the faulty 
material, and it usually happens that a line is in very serious 
difficulty before any attention is given to this important matter. 

Information which was very misleading has tended to dis¬ 
credit the advantages gained in going over a line with a megger 
or other suitable apparatus to weed out faulty material, with 
the result that a great many systems, which could haA^e saved 
themselves considerable trouble and expense, have put off the 
work of going over the line until they were up against an impos¬ 
sible operating condition. , ' 

The following is a good example of how dangerous it is to 
draw hasty conclusions. Several years ago, a line which had 
experienced some trouble was gone over with a megger, which 
indicated a loss of approximately 2.5 per cent. This in itself 
looked very good. The line, however, was equipped with two- 
piece suspension insulators, so that the 2.5 per cent depreciation 
indicated, included insulators only which had both parts bad in 
the same unit. As a part loss of 15 per cent or 30 bad pieces in 
every 100 of the two piece units will give only 2.5 per cent insu¬ 
lators having both parts bad, it will be seen that the 2.5 per 
cent indicated by the test was far from the true state of affairs. 
In this case, there would be 25 per cent of the insulators with 
one part bad; 2.5 per cent with two parts bad, or a total of 27.5 
per cent, although the method used shoAved only 2.5 per cent. 
The removal of 2.5 per cent would still leave 25 per cent of the 
insulators which ha'd one part defective, so it is readily seen 
that going oyer a line under these conditions might not result 
in any material improvement, and should not be used as a basis, 
for another line where over 90 per cent of the faulty material 
could, have been removed with ease. 

It IS seen that the two parts in an insulator practically multi¬ 
plies the depreciation. This will show up sooner or later, and 
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has been the chief reason for rendering the two-piece suspension 
insulator obsolete. 

' To minimize the defects of depreciation, it is advisable to 
have an insulator composed of a large number of comparatively 
small detachable parts, which is easily carried out in the suspen¬ 
sion insulator. In the case of the pin type insulator this is not 
practicable except in special cases. We can, however, minimize 
the effect of depreciation by reducing the number of parts as 
well as increasing their factors of safety to meet the internal 
stresses set up. 

It is gratifying to know that insulator troubles have not come 
along the lines expected. A large part of the cracking is due to 
an attempt to insure mechanical reliability. This was only 
natural, for in., a large insulator, the standard of mechanical 
reliability to .the electrical to give the same degree of operation 
must be from one to three thousand times higher. This follows 
from the fact that there may be a large percentage of electrical 
depreciation before trouble results from matching up of the 
faulty members, where-as an infinitesimal mechanical failure will 
produce an impossible operating condition, owing to the drop¬ 
ping of the line. 

This consideration is an exceedingly important ^ one and 
eliminates the consideration of many insulators for important 
work, although they may have decidedly valuable properties 
from the electrical standpoint. 

The importance of good material, is, of course, very well 
recognized; the methods used to determine same, however, 
must be practicable. . ^ 

It is not possible to inspect every piece as to the exact dividing 
line between properly and improperly vitrified material. By 
using glazes which indicate the firing range, it is possible, how¬ 
ever, to be on the safe side and set out any material which may 
be doubtful. If good manufacturing conditions prevail, this 
does not necessarily produce a great hardship. If certain glazes 
are used,' which give no firing information, it is not possible for 
an inspector to judge the ware properly. Slate glazes, white 
glazes, chromium enamels, or brown glazes, which have too 
high a calcium content are not very sensitive to temperatures, 
so,it is not possible to judge the firing of the ware properly. 

Only a limited quantity of ;ware of this kind can be fired with 
certainty, as it must be placed in zones in the kilns which are 
known to be reliable. This point has been overlooked in the 
manufacture or selection, of insulators to gain appearance. 
Where precautions were taken, one of the large lines showed a 
loss after several years operation of only 1.5 per cent which is 
exceedingly low. If this same material had followed the general 
practise and been fired promiscuously throughout the kiln, the 
losses would have been 10 or 15 per cent due to porosity, as the 
slate glaze made it practically, impossible to detect the low-fired 
material. 
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When I first went into the insulator business some years ag(^ 
none of the manufacturers were correcting for moisture which 
varied over a range of 25 per cent in some of the materials 
Under these conditions, it is not surprising that the results have 

been very erratic in raany cases. , . t, • -p 

Mr. Birron has raised a question as to the comparison of the 
pin insulators shown in the paper. In the case shown the con¬ 
ditions are probably less favorable to the large three-piece insu¬ 
lator than generally prevails as this insulator really has a much 
higher rating than the four-part insulator of earlier design to 
which it is compared. The small cement section and the method ' 
of assembly provides against any internal str^ses although the 
size of the insulator is very much increased. The large insulator 
is one which has been manufactured for some few years and up 
to the present time, I know of no single failure. This is o 
unusual for modern insulators, as there are many in the same 


^ must however, take care of the mechanical stresses, 
the larger and heavier insulators requiring much more care in 
their refinements. Unfortunately, the work that is most worth 
while in the assembly of ari insulator does not show m the built 
up insulator and some of the largest and apparently strongest 
insulators may prove to be the poorest for operating conditions, 
unless proper provision is made for internal stresses. _ ^ 

We need not look upon the insulator question at all pessimis¬ 
tically simply because some of the older insulators or poorly 
made types are causing trouble, for we can find any number of 
insulators now that are producing exceedingly satisfactory 
results. The cost has not been so great and the depreciation 
has not been so large even under the worst conditions, but what 
the rapidly developing art can easily stand the expense. 

The modern insulator probably has a lower depreciation rate 
than any piece of apparatus connected with the system. 

We have not hesitated to scrap electrical machinery of an 
classes for new types with improved efficiencies, and we naust 
do the same thing with the older insulators simply as a matter 
of good business. 
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T here has been much discussion concerning the position 
of the engineer in modern times, but conditions are chang¬ 
ing so rapidly and points of view are undergoing such a funda¬ 
mental evolution that it is well from time to time to review the 
relations of the engineer to his surroundings and to secure if 
possible the proper orientation. 

The change and improvement in the engineer’s position in 
the world in recent years has been so rapid as to surprise even 
those who were the optimists in the under-dog days of the en¬ 
gineering profession. In the middle of the last century, when 
the engineering and technical,schools began to be formed in this 
country by men of far-seeing vision, the classical scholars looked 
on askance and took pains to differentiate these upstart institu¬ 
tions from their own traditional schools of learning and to 
ostracize those who pursued the new courses by classifying the 
professions as ‘learned” and technical. 

Times fortunately have changed. The engineering profession 
is coming into its own. To-day the engineer is being swept along 
with an irresistible force, by a tide which he himself has created, 
and it is well therefore for the engineer to take his eyes off his 
work occasionally and to observe his constantly changing 
surroundings. A flood of scientific and' technical accomplish¬ 
ment has swept over the face of the earth, revolutionizing life, 
commerce and international destinies. Even the turmoil in 
which the world now finds itself can probably in the last analysis 
be traced to the. over acceleration of world affairs resulting from 
the work of the scientist and engineer. 

During all this development period of the engineering profes- 
sion.:during the past century the engineer has worked his way 
along alone and in silence, so to speak, seeking his reward rather 
in the joy of accomplishment and in the realization of his dreams 
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than in worldly recognition and accumulation. The very in¬ 
herent greatness of the pioneers who have laid the foundations 
upon which we now build prevented them in a way from acquir¬ 
ing a more worldly position in affairs. This tradition, however, 
is not a virtue beyond a certain point, and the engineer by nature 
is too willing to give way to others. The time has come when he 
should take a more worldly position in the world which he him¬ 
self has created. 

In our general relations to intellectual development we may 
consider that we are just emerging from a classical period where 
tradition, custom, prejudice, ignorance and dogmatic religion 
were the controlling forces. Movements which took place in 
world affairs were largely political, following the paths best 
suited to the advantage of the ruling classes. There was little 
real progress, because there was no development of scientific 
knowledge and its application in engineering. Scientific truth 
held no standing. The worship of tradition caused a powerful 
reaction against any scientific discovery which might necessitate 
a readjustment of established habits of thought and life. 

For centuries before the dawn of the scientific and engineering 
era great changes took place throughout the world, but little 
real progress occurred. Races rose and fell, always f alling back 
to the starting point, for there can be no upward trend in racial 
development without the solid basis of scientific knowledge to 
grow upon. China made great progress and developed its early 
civilization under scientific activity but during recent centuries 
it has lived under the worship of classical tradition and has 
become inert. 

A constant change in point of view, which is so largely brought 
about through developments in scientific knowledge, seems to be 
necessary for progress in civilization. Our civilization to-day 
differs from that of a century ago in proportion to the scientific 
and engineering evolution which has taken place during the 
period through its reactions on life in all of its phases. Such 
discoveries in science as the law of gravitation, the evolution in 
species, the laws of electro-magnetic induction, etc., have prob¬ 
ably had a more profound effect upon the development of the 
human race than any other acts in history. 

The en^eering profession has passed through the preliminary 
stages of its growth and has reached a position where the engineer 
should work and act not only with proper attention to his work 
itself'but with full consciousness of the important relation of his 
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work to human affairs in general. Among the early pioneers 
in engineering were many notable instances of men of great 
breadth of view. Men like Watt, Pulton, Whitney, McCormick, 
Erickson and others. Specialization had not at that time begun 
to work its narrowing influences. Of recent years, however, 
under the stress of commercial development and economic con¬ 
ditions, increasing specialization has taken place and the engineer 
has become obliged to compass his mind with an ever narrowing 
horizon. This specialization produces extraordinary proficiency 
in particular fields, but has the objectionable effect of narrowing 
‘ the character and outlook of the man and of reducing his value 
as a citizen. We must take care lest commercial considerations 
and the modern mania for efficiency in the narrow sense does not 
force our engineers to lose sight of the world around them in 
their concentrated attention to the part rather than to the whole. 
This excessive specialization is a danger which threatens the 
future standing of the engineer. 

It is interesting to recall in this connection the results of a 
recent canvass made by a joint Committee on Education on the 
qualities which, in the opinion of some five thousand leading 
men, engineers and others, best fitted a man for a successful 
career as an engineer. As a result of this vote only 13 points out 
of 100 were assigned to purely technical knowledge as an essen¬ 
tial, the other 87 points being allotted to broader qualifications 
such as judgment, character, human understanding, etc. This is 
merely a quantitative statement of the many general demands 
now being made of the engineer and it illustrates how the work 
of the engineer can be broadened out. It is an encouraging 
symptom. 

A most significant movement of recent'times in the engineering 
world has been the development of cooperative action among 
engineers of all classes, and this tendency will, I believe, serve to 
offset the evils of specialization. It is the growing recognition 
of the fact that all branches of engineering are interdependent. 
We electrical engineers, I believe, are well aware how much we 
need the assistance of other branches of engineering for the 
successful fulfillment of our purpose. 

This cooperative movement has quite recently been given 
tangible expression in the formation of the Engineering Council, 
an act, I believe, of far-reaching consequence. Under this organi¬ 
zation as a beginning the Civil, Mechanical, Mining and Electri¬ 
cal Societies together with the United Engineering Society are 
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tied together for cooperative action through a joint body of 
twenty-four representatives. This body will meet at frequent 
intervals and will deliberate on matters of general- interest to 
engineers. It is an encouraging beginning toward universal 
cooperation arnong engineers in all branches of work. 

In this Engineering, ..pquncil we have for the first time an 
engineering^ body representing some thirty thousand engineers 
of sufficient scope and standing to create an engineering public 
opinion. ^ Its influence is likely to be far-reaching in building up 
the prestige of engineers in both technical and civic affairs. 

further development which has reached full recognition 
only m recent times is the mutual appreciation which has grown 
up between the engmeer and the worker in pure science. The 
engineer Iqoks to the scientist to provide him with raw materials 
o knowledge with which to work out his applications, and the 
scientist must look to the engineer to make his discoveries so 
fruitful that the full effectiveness of his work on the frontier of 
research can be,sustained. Both are working together in order 
o unfold nature in the most effective way for the benefit of man. 

We electrical engineers, I think, feel a particularly close bond 
with the pure scientist in that recent developments in physical 
science have disclosed an intimate relationship between electrical 
phenomena and the nature of energy and matter. 

All of the important movements which are taking place at 
the present time, which center around the engineer and his work 
mean, I believe, that the engineer is soon going to leave his 
position of isolation in independent fields of work and realize 
that he owes an obligation to the community broader than his 
ally engineering work, and will contribute to the general wel¬ 
fare his talents and experience. It matters not whether the 
problems before him are political, sociological, industrial or 
technical, I believe that the engineering type of mind, if the 

proper breadth of view has been acquired, is best fitted to under¬ 
take them. 

It is not necessary, perhaps, in important administrative 
positions to have civil, electrical or mechanical engineers as such 
but we do need men in those positions who have had training of 
the type which engineering gives, with the mental balance the 
power of analysis which such a training develops, the resource¬ 
fulness and the faculty of recognizing and properly apportioning 
t e various elements in a problem. There is a quality of mental 
honesty which engineering experience highly develops which is 
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sorely needed in public life. The scientific and engineering 
professions should rise up and furnish such men from their ranks 
for the best welfare of the country. 

The classicist contends that a world dominated by scientists 
and engineers would be cold, materialistic and atheistic and 
lacking in those qualities of art and sentiment and the imagina¬ 
tive outlook which every civilization so highly prizes. To this 
doctrine and its injustice to the engineer I want to take emphatic 
exception. The world today may be inclined toward materialism 
but it is not dominated by the engineer, far from it, but by other 
classes. The engineering mind on the other hand is characterized 
by a highly developed creative imagination and possesses to a 
high degree exactly those qualities of mind and temperament 
best suited to combat materialism. There have been many 
instances in history of great artists who have been great en¬ 
gineers and vice versa, and I believe that the two temperaments 
lie in close relationship. Furthermore, scientists and engineers 
as a class, have a strongly developed spirit of international 
understanding and sympathy which may serve as an important 
safeguard against excessive nationalism and aggression. 

And so, gentlemen, I believe that we can confidently look 
forward to a new era for the proper fulfillment of the destinies 
of the engineer. Out of this world chaos we now see men of 
engineering and scientific training rising to positions of com¬ 
manding prominence on all sides. It is simply the working of 
the inevitable law of the survival of the fittest. 

In this great movement not only must the individual engineer 
play his part, but the great engineering societies must realize 
the power of influence which they are developing in an ever 
increasing degree in the community and the obligations which 
devolve upon them. 

And so I hope that the American Institute of Electrical 
Engineers as it passes along from one administration to another 
will acquire an increasing realization of its duty, not only in 
furthering the growth of science and engineering, but in further¬ 
ing the influence of the engineer in the affairs of the country 
and of the world. 
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I T GIVES me great pleasure to meet you here tonight and to 
be thus introduced as your President-Elect. I thank you, 
and through you, all the members of our great Institution, for 
the honor which you have conferred upon me in selecting me 
to be, for a time, your official leader and chief servant. I hope 
I may have the strength, the ability and the opportunity to 
render such service as to justify, in some measure, your confi¬ 
dence. I fully appreciate that, with such a great honor, is 
coupled an equally great responsibility and I value the position 
as an opportunity to be of service to you, and through you, to 
our Country. 

The standard set by the long line of illustrious and industrious 
men who have already filled the position of President, will be 
constantly before my eyes and will, yop may be sure, stimulate 
me to do my best. 

It is a great satisfaction to feel that, by a wise custom of our 
Institution, President Buck and Ex-President Carty will remain 
on our Board of Directors throughout the term of my adminis¬ 
tration. I shall lean heavily upon them for their experienced 
counsel and assistance. 

No body of men can get together at the present time without 
soon discussing the subject of -the war, which is uppermost in 
everyone’s mind. 

The war is the one dominating factor in the world life and 
thrusts itself before our thoughts whether we wish it or not. 
We are in the war at last and will remain in it to the end. 
Whether it shall be a bitter end or a bright end will depend 
largely upon ourselves, as it is now our war. 

It has been stated many times that modern war was largely 
a question of mechanics and engineering, a statement with 
which we must all agree. It is self evident that engineering 
must, therefore, take a leading and dominant position in the 
war work. Now the electrical engineer stands for about the 
latest thing in engineering development; his activities embrace 
practically all other fields of engineering, being, so as to speak, 
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the last word in engineering. The electrical engineer must, 
therefore, realize that this is his war in a very personal and 
particular sense. 

War calls for supreme sacrifices and the deepest devotion, 
but it also demands something more difficult to give, and that 
is work. War may be said to be the personification of work, 
not only individual work, but especially organized and disci¬ 
plined work,—disagreeable, dirty, heartbreaking, backbreaking, 
nerve-racking work, but alwa^^s work. No nation of loafers ever 
won a war,, Other things being at all equal, that nation or 
people who are willing to work the hardest will surely win the 
victory. Now I wish to point out that the enemy we are fight¬ 
ing is recognized as the most industrious organization in the 
world. Our enemy has prepared for war for fifty years and has 
been working with ever-increasing energy ever since the war 
started three years ago. We made no adequate preparation 
during all this time and therefore started with a fearful handi¬ 
cap of lost time and lost opportunities. We must not delude 
ourselves that our enemy is exhausted, but remember that he 
has the advantage of a flying start. We must accelerate at an 
incredible rate if we are to get our war-motor going fast enough, 
soon enough to catch up. 

Our enemy boasts that we have started too late. We must, 
by the hardest work directed with scientific skill and accuracy, 
organize and elfectively utilize all our power of work to make 
his prophecy an idle boast. 

The country is trembling with eager anxiety to help. Men and 
women are offering their services and their money. All eyes are 
turned toward Washington and.to many everything seems con¬ 
fusion, and as a result, we are full of criticism. Now I think it 
is clear that nothing is to be gained by,destructive and captious 
criticism. We must discipline ourselves with patience, and if 
we take a broad view, we must admit that progress is being made. 
We must remember that a democracy of a hundred million 
people, whose thoughts and habits have been entirely those of 
peace, cannot change to the methods of war in a day, or a month, 
or even a year. 

War is a business and must be handled ,as a highly organized, 
centralized, autocratic enterprise. We must, no matter how 
repugnant it may be to our-habits and thoughts, f'emporarily 
adopt such methods of our enemy as are known to be efficient 
and successful, because the penalty of failure is death. War 



1917] 


ADDRESS BY PRESIDENT-ELECT 


605 


is so repugnant to our ideals that it takes time to realize 
the necessity for and make the collosal changes demanded 
in every direction. We must, therefore, as I have stated, 
avoid captious criticism and confine ourselves to constructive 
crticism, and that sparingly and sympathetically administered. 

There is one idea which we must abandon. The great ma¬ 
jority of our people, who have no acquaintance with science or 
engineering, is prone to imagine that this war will be settled 
quickly by some wonderful new invention, as if by an act of 
legerdemain; but you engineers realize that such a thing is 
practically impossible. It is so hopeless that it is cruel to permit 
any such idea to take hold of the American public. Neither 
is it possible for the war to be settled by the act of some hero or 
superman. It can only be settled by the united efforts of thou¬ 
sands of men, each contributing his bit. Team play in our civil 
army at home is as essential as in our fighting army abroad.- 

I venture to suggest that we cannot all occupy desks at Wash¬ 
ington, and it is well for us, and for the country, that we cannot. 
We can, however, put ourselves and our business in such con¬ 
dition as to meet whatever demand is made upon us. Only 
relatively few can be useful in the direct service of the 
army and navy, but there is plenty of honorable work and useful 
work for us to do. The most effective work for most of us will 
be in the shops and offices at home, and everyone who does his 
work loyally and well, is as much a factor in our organized war 
as the man at the front. 

Now, properly understood, the fact that no single great 
invention is likely to be made which will win the war, is no cause 
for discouragement. It does not mean that there will be no 
improvement, no new inventions, no new methods devised and 
put into effect. It simply means that we must not wait for the 
miracle which will never appear, but get to work and energetic¬ 
ally take advantage of all present knowledge. We must survey 
the field, get at all the facts, carefully determine our plans and 
then proceed to put them into practical execution. 

Take for example the matter of shipping. This perhaps 
presents the greatest immediate problem of the war, frightfully 
complicated as it is by the submarine. I feel sure that it can 
be successfully solved, if we are content to solve it by the simple, 
common-sense methods used by engineers and successful business 
men in the ordinary course of business. The problem must 
first be carefully investigated, all available data quickly ob- 
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tained and checked, and all new conditions considered, after 
which a broad-gaged well considered plan, or plans, can be 
formulated, criticised and then put into effect. 

Of course it is elementary to say that we must provide ship¬ 
ping in enormous quantities to replace that destroyed and to 
provide for increased demands. It is evident that time is the 
essence of the problem. We must, therefore, build the greatest 
tonnage in the shortest time. The ships must be manned and 
navipted to their destination and the most efficient methods 
provided for docking, unloading and loading. 

With the situation such that the race is between ship building 
and ship destruction, with the destruction many laps ahead, 
it is vitally important that ships should be' loaded and un¬ 
loaded with the utmost expedition. We have recently heard 
of an instance where a large ship, after running the gauntlet 
of a voyage to England, was forced to visit several different 
ports, and waste one month’s time, before starting the return 
voyage. This loss of time is equal to the loss of a complete 
voyage. The net tonnage delivered per month is the only 
thing that counts, therefore ship-tons saved are worth more than 
ship-tons built. Quick methods of loading and unloading at 
specially devised terminals, here and in Europe, should be de¬ 
veloped and put into operation. The methods are known. It 
simply remains for us to organize and apply them. 

We must see to it that the kind of ships, in respect to size, 
material and speeds, are such that the greatest tonnage may 
be moved across the seas in the shortest time. In the time 
element must of course be considered the time required to build 
such tonnage. If an investigation should indicate that cargo 
ships can be built which will successfully withstand one or more 
torpedo attacks, and which can also be provided with speed and 
armament sufScient to give them'a good chance of fighting off 
and getting away from a submarine, they should be built no 
.matter whether such ships cost more, or are less adapted for 
use after the war, or take a little longer time to construct than 
those of the ordinary type. 

It is entirely within the range of possibility that such ships 
may prove to be the only ones which will be able to navigate 
the seas with any decent chance of surviving. It would seem 
clear that, unless the submarine is swept from the seas, it is 
hopeless to build a large tonnage of slow moving, relatively 
small and inadequately defended ships, as the net tonnage which 
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could be delivered by such a fleet of ships will be too insig¬ 
nificant to be of any material value. We would have bet on thp 
wrong horse and lost; therefore, I hope that we will have the 
foresight to build as large a number as possible of big, compara¬ 
tively torpedo-proof cargo ships, as soon as possible. 

We should also, at the same time, consider whether it is 
worth our while to continue building large dreadnoughts, battle¬ 
cruisers, and the like, which cannot possibly be finished for 
years to come. Our ship building facilities are limited, and if the 
facilities now devoted to the construction of dreadnoughts could 
be immediately diverted to the construction of large fairly 
indestructible, high-speed cargo ships, which can be built in 
half the time, we would be taking a great step towards solving 
the problem. 

So much for what might be termed the ‘'defensive method” 
of attacking the problem. Along with this defensive plan, we 
should put into execution every practical offensive plan of 
attacking the submarine, such as methods of detection when 
submerged, methods of attack by means of destroyers, mines, 
aeroplanes and special artillery. All such methods should be, and 
probably are being developed, and while no one of them will 
prove to be the panacea by itself, collectively they will be of 
the greatest value in reducing the menace. However, I think 
it is well to emphasize the fact that the only safe and sane plan 
of action is to assume that we can only win by pushing the 
development of all practical looking methods of attack and 
defense, at the same time, and to, the limit of our ability. 

Now I am well aware that there is nothing theatrical or start¬ 
ling, or novel, in the above suggested solution. For this reason 
it is not likely to appeal to the great non-technical public, but 
there is no doubt in my own mind that it represents the scien¬ 
tific and common-sense method, and that if followed with 
patience, persistence, vigor and diligence, it will prove successful, 
and if successful, the war cannot be lost. All the other prob¬ 
lems of the war—the aeroplane, army, navy, food, manufactur¬ 
ing, farming, transportation, etc.—can be successfully solved 
by the same scientific, but simple and common-sense methods. 

It is a great satisfaction to notice that this country has at 
last awakened to the importance of developing that great Amer¬ 
ican invention—the aeroplane, and of manufacturing it on a 
great scale. We should do everything to help accelerate this 
work. If we can get aeroplanes of the right kind to Europe, 
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soon enough and in sufficient quantities, experts tell us that it 
will do more to win the war than a large army. 

We must also not neglect the development of the submarine, 
because if we fail to find a way to drive the submarine from the 
seas in short order, and fail to make relatively unsinkable and 
uncatchable ships, we may have to rely on big freight sub¬ 
marines, properly convoyed by fighting submarines, if necessary, 
in order to get food, material and soldiers to Europe. 

We must not forget that, after all, all these things must be 
done by men collectively and that, therefore, it is essential for 
us to think and act collectively, and with reasonable unanimity. 
We must co-operate and not nullify our power by quarrels 
among ourselves. This means th,at we must be willing to give 
consideration to the views of others, be ready to make reasonable 
compromises and be constantly actuated by a spirit of concilia¬ 
tion. We must make every effort to get men of great experience, 
industry and sound common-sense in positions of trust and 
influence. We can then hope to have the helpful suggestions 
offered by other men of experience and wisdom given intelligent 
and proper consideration. We must give our chosen leaders 
reasonable time to make and carry into execution their large 
plans. We must get behind our leaders and loyally support 
them, and if after a long and fair trial, we find that we have made 
a mistake in our selection, we should then promptly replace 
such leaders by those more competent who will surely be found. 
This is the only way in which a democracy can work and form 
an effective and efficient organization. 

I think I have said enough to indicate that there is plenty of 
work ahead for engineers at home, as well as abroad; in civil 
life, as well as camp life. Engineers have a great opportunity 
in this war and a heavy responsibility. You have special 
knowledge, experience and a forward looking point of view 
which the country needs, and it is your duty to see to it that 
you are given the opportunity to make effective use of your 
talents, in the service of the Nation, and if you are not given 
that chance, you must persistently demand it until you get it, 
and then I feel certain that the victory will be on our side, our 
civilization will be saved, and the world will be made a’safe 
place for all decent people who will then be able to turn again 
to the satisfaction and joy of a useful and peaceful existence. 
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ANNUAL REPORT OF COMMITTEE ON TRANSMISSION 
AND DISTRIBUTION 

To the Board- of Directors, 

The Committee on Transmission and Distribution submits the 
following report for the year of 1916-17: 

In order to find a starting point for the work of this com¬ 
mittee a letter was addressed to each of its twenty-three members 
asking for definite suggestions as to the most urgent problems 
concerning transmission and distribution. Replies were received 
from thirteen individuals containing twenty-four suggestions. 
Twelve of these suggestions related to high-tension insulators, 
seven to underground cables, one to lightning protection, one to 
relays, one to towers, one to reactances, and one to suppression 
of transient voltages. It appeared from the result of this inquiry 
that troubles with high-tension insulators and underground 
cables were uppermost in the minds of those who replied, most 
of whom were either operating men or men in close touch with 
the operation of transmission and distribution systems. 

After conference with a few of the members of the committee, 
it was decided to confine the work of this year to the subjects of 
high-tension insulators and underground cables. It was further 
decided that on account of the urgency of the problems involved, 
particularly regarding high-tension insulators, that the subjects 
be treated so far as possible from the practical standpoint, 
theoretical discussions being eliminated except so far as they 
indicated definite practical results. 

High-Tension Insulatqrs 

During the last few years the troubles with high-tension 
insulators have'^become cumulative. During the summer 
seasons of 1915 aiid 1916 the failure of insulators on some long 
distance transmission lines resulted so disastrously in the way of 
interruptions that it was evident something had to be done unless 
we were content to relegate long distance service to the category 
of intermittent or second class power. Particularly on the Pacific 
coast these troubles had become acute. Some of our best en¬ 
gineers were already working on the problem. A number of the 
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far western companies had clubbed together and employed the 
best talent they could find to carry on the investigation. Pro¬ 
fessor Ryan of ’Leland Stanford, Jr. University is now busy 
carrying out experiments on a very large scale to determine the 
effects of porosity in porcelain. All who are acquainted with 
Professor Ryan and his work know that his results when pub¬ 
lished will carry authority on this point. It was a great disap¬ 
pointment to us that the paper promised by Professor Ryan, on 
the results of his investigation, to be presented at this meeting, 
had to be deferred a few months on account of extraordinary 
weather conditions, making it impossible to complete the data. 

Professor Peaslee of the Oregon Agriculture College has 
attacked the problem from the chemical and microscopical 
point of view while others have been investigating the effects 
of expansion and contraction of insulators on dielectric strength. 
The manufacturers of insulators have also been busy. This is 
shown in Mr. Austin’s paper presented at this meeting. The 
manufacture of high-tension insulators from fused quartz is 
recommended by Mr. Peaslee. It is hoped that some one prop¬ 
erly equipped will pursue this line of investigation. 

What has been accomplished? The last word has not been 
said on any of these lines of investigation and will not be said 
for a long time. So far as porcelain insulators are concerned we 
know (1) that porosity must be reduced to the lowest practical 
limit to prevent absorption, (2) that joints must be so designed 
and made that the insulators will not crack from expansion and 
contraction effects, (3) That insulators must have ample margin 
of mechanical strength. 

Underground Cables 

It is only within the last few years that users of underground 
cables have begun to realize the importance of disposing of heat 
due to copper and other losses. Conduit lines were designed 15 
or more years ago with the idea that there would be from three 
to five watts lost per foot of cable. Even eng%ieers seemed to 
have a sort of blind faith that these watts would' get away some¬ 
where, somehow. No one ever stopped to consider what would 
i^ case these watts did not get away. However, we have 
found out in the school of experience. The lesson has been costly, 
but it has been learned. It is scarcely exaggeration to say that as 
much skill is required to design a conduit line as to design a 
dynamo. 
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The problem is to dispose of heat. This may be done in two 
ways: (1) by minimizing the amount produced, (2) by quickly 
conducting away the heat that is produced. The first is largely 
the problem of the cable manufacturer. We have two papers 
this year which show great advance in our knowledge of dielectric 
losses. The use of certain insulating materials in saturating paper 
insulation greatly reduces these losses. This is well brought out 
in the papers by Messrs. Bang and Louis, and by Messrs. Clark & 
Shanklin. The reduction in losses is not a small amount requiring 
laboratory tests to find. Cable ratings under some conditions 
may be more than doubled. These investigations are highly 
profitable and should be continued. The second point relating 
to conducting the heat away from cables after it has been gen¬ 
erated has been brought out by Mr. Harper. No operating 
engineer can read this paper without a deep and sympathetic 
feeling of comradeship with the author. Most of the under¬ 
ground conduits now in use were built without any regard to 
their capacity to dissipate heat and thereby immense sums of 
money have been thrown away. 

Mr. Roper’s paper on high-tension cable joints is the very 
highest authority on this subject and is worth careful study. 
Probably there are more breakdowns at the present time in 
joints than in all the rest of a cable system. Practically all of 
these breakdowns are avoidable by carefully following the recom¬ 
mendations laid down by Mr. Roper. 

Suggestions for the Future 

For the future activities of this committee, I suggest that it 
pursue the high-tension insulator problem. The work has been 
started, but there is much to be done. Investigations so far 
indicate pretty clearly where the weaknesses lie and this is but 
one step from the solution of the problem. We suggest that 
further investigations be made on the subject of dielectric loss 
in cables to the end that the laws governing it may be definitely 
known. It will then be possible for the manufacturer to give an 
even quality of cable with minimum dielectric loss. 

We further suggest that the use of 20,000- or 30,000-volt cables 
be investigated. Some 20,000-volt cable is now in use in this 
vicinity, but we greatly desire to hear all about it. 

L. E, Imlay, Chairman, 
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ANNUAL REPORT OF TRACTION AND TRANSPORTATION 

COMMITTEE 

To the Board of Directors, 

The Traction and Transportation Committee submits the 
following report for the year 1916-17: 

At the beginning of this year, the scope of the Traction and 
Transportation Committee, which superseded the Railway Com¬ 
mittee in accordance with the recommendations of the Special 
Committee on Re-organization of Technical Committees, was 
considerably enlarged, and in order properly to cover the field, 
more members were added. The main committee was divided 
into five sub-committees, as follows: 

Urban and Interurban Railways: H. H. Adams, Chairman, 
L. P. Crecelius, W. J. Harvie, E. D. Priest, C. Renshaw. 

Trunk Lines and Heavy Traction: N. W. Storer, Acting 
Chairman, A. H. JBabcock, George Gibbs, Hugh Hazeltbn, E. 
B. Katte, John Murphy, W. B. Potter, Wm. McClellan. 

Electrification Data: E. B. Katte, Chairman, R. Beeuwkes, 
J. V. B. Duer, C. H. Quinn. 

Interference of Electric Railway Circuits With Telephone and 
Telegraph Lines: C. F. Scott, Chairman, A. H. Babcock, J. B. 
Taylor, H. S. Warren. 

Effects of Grounded Railway Circuits on Pipes and Underground 
Structures: E. J. Blair, Chairman, J. V. B. Duer, John Murphy, 
A. S. Richey, H. S. Warren. 

Through the Sub-Committee on Urban and Interurban Rail¬ 
ways, it is hoped to bring the Institute into closer touch with 
the great body of electric railway men who now derive most of 
their support and assistance from the A. E. R. A. One paper 
on “Gear Losses” has been secured by this committee, and others 
on “Railway Motor Ventilation” are in preparation. 

One paper bearing specially on the question of “Heavy Trac¬ 
tion” has been presented during the year. This was the paper 
by Mr. R. E. Hellmund, on the subject of “Regenerative 
Braking of Electric Vehicles,” which was presented at the Pitts¬ 
burgh meeting of the Institute in January. The paper itself is 
a very complete treatise on the subject covering the problems 
and the various solutions involved in regenerative braking with 
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different systems of electrification. It forms an excellent basis 
for discussion. 

The paper and the discussion that followed showed plainly 
the great progress that has been made in the practical appli¬ 
cation of regenerative braking on heavy traction lines in this 
country. The advantages of the constant-speed type of loco¬ 
motive with the induction motor in use on the Norfolk and 
Western Railway were clearly set forth; also the advantages of 
the variable-speed type of locomotive in use on the Chicago, Mil¬ 
waukee and St. Paul and the Lake Erie and Northern locomotives 
where direct current is used, were fully brought out. The im¬ 
portant fact to be derived from the discussion is that regenerative 
braking is an accomplished fact and must always be considered 
in any electrification scheme where heavy-grade work is involved. 
It has been demonstrated beyond question that it is a much 
more reliable and safe method of holding trains on descending 
grades than the use of air brakes alone since, in any case, where 
regenerative braking is used, the air brake is always available to 
stop the trains in emergencies. 

While regenerative braking has not been applied to trains of 
multiple-unit cars, or to single cars, in this country, on a com¬ 
mercial scale, the hope and belief were expressed that successful 
application of regenerative braking on both would be only a 
question of a short time. The application in such work will be 
due, not to the safety and reliability of operation, as in the 
heavy grade work, so much as to the economies which can be 
effected in power consumption. It is conservatively estimated 
that not less than 20 per cent of the power now consumed in the 
ordinary multiple-unit trains in city and suburban service, can 
be saved by the application of regenerative braking. This will 
involve increased capacity in the driving motors and a small 
amount of additional control equipment, but the net saving will 
far outweigh the additional cost of equipment and maintenance. 

The effort of the Sub-Committee on Electrification Data to 
collect information from existing railways, met with the usual 
obstacles. It was decided that any costs which might be figured 
on the electrifications now in operation would be of very little 
value to the Institute, since the conditions under which the 
installations were made varied so widely, and unless all of the 
facts could be known the figures would be very misleading. 

The Sub-Committee on Interference of Electric Railway Cir¬ 
cuits with Telephone and Telegraph Lines did a considerable 



614 


TECHNICAL COMMITTEE REPORTS 


amount of work, but it was not deemed advisable to make the 
results public at this time. 

The Sub-Committee on the Effects of Grounded Railway 
Circuits took up the question with the National Committee on 
Electrolysis, with the special object of seeing that the effects of 
the high-voltage direct-current lines where the drop in the re¬ 
turn circuit necessarily reaches comparatively high figures, was 
thoroughly considered. 

For the coming year, it is recommended that the committee 
continue the work which has been undertaken this year. While 
any papers which would raise the question of system of elec¬ 
trification are distinctly undesirable, it is recommended that a 
series of short papers by representative steam railway men be 
secured, which would explain in considerable detail the problem 
which must be met by the electric railway engineers in super¬ 
seding the steam locomotive on the heavy transportation lines. 
This should include not only the problem as it confronts us today, 
but what the future has in store for us as far as these railway 
men can predict. There is- a constant tendency towards the 
use of much heavier and longer trains, larger locomotives and 
higher speeds, both in freight and passenger service. We need 
further information as to what the limits are likely to be; how 
much power must be concentrated in one train; how necessary 
it is to operate the trains under close headv/ay during emergency 
conditions; how much it is worth to the railways to be able to 
do this; what are the physical limitations that will be involved, 
etc., etc. 

The present committee is larger than can be used satisfactorily 
and it should be reduced to one-half or two-thirds the present 
number, and composed of men who are able and willing to 
devote their time to the consideration of problems of electric 
railroads. 


N. W. Storer, Chairman. 
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ANNUAL REPORT OF COMMITTEE ON 
ELECTROPHYSICS 

To the Board of Directors : 

The Committee on Electrophysics submits the following report 
for the year 1916-17: 

Very rapid advances are being made in physics; entirely new 
fields are being opened up, new conceptions formed. In order 
that engineering may advance as rapidly as it should, it is 
necessary for the engineer to keep familiar with and to apply 
the discoveries of the scientist and the physicist. Much of the 
work of the physicist is published in various scientific and 
philosophical magazines seldom read by engineers. It is difficult 
for the engineer to get the perspective view which he needs and 
should have. Realizing this, the Electrophysics Committee were 
able to secure Dr. R. A. Millikan, President of the American 
Physical Society, to deliver a lecture on “Modern Physics’’ at 
the mid-winter convention in New York, on the evening of 
February 15th. The enthusiasm with which this lecture was 
received by an overflowing audience is without precedent. Dr. 
Millikan’s lecture will be published in the Transactions. We 
believe at least one such lecture should be delivered annually. 

Cooperation and mutual understanding between physicists 
and engineers are of the utmost importance. The Technical 
committee of the Physical Society bears a somewhat similar 
relation to its society with respect to engineering as our com¬ 
mittee does to our society with respect to physics. We have 
had the most helpful cooperation from this committee and much 
of the success of our Electrophysics session at the mid-winter 
convention on February 15th was due to their active assistance. 
The members of the Physical Society were invited to our meeting 
and took part in our discussions as well as attending Dr. Mil¬ 
likan’s lecture. Their technical committee also arranged for 
meetings of the Physical Society in New York immediately 
following our meeting, which many of our members attended. 
We believe that joint or parallel meetings are of great value. 
It would be desirable, if practicable, to have interlocking mem¬ 
bers on the committees. For instance the chairman of one 
committee an ex-officio member of the other committee. In 
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addition, to Dr. Millikan’s lecture the following important scien¬ 
tific papers were read: 

‘^Corona and Rectification in Hydrogen”, by J. W. Davis and 
C. S. Breese, 

“The Electric Strength of Air-VII”, by J. B. Whitehead and 
W. S. Brown. 

“Oscillating-Current Circuits by the Method of Generalized 
Angular Velocities”, by V. Bush. 

Many important* physical papers of great value and many 
scientific discoveries made by engineers, which naturally first 
appear in engineering journals, are lost to physicists because 
physicists do not read, these journals and because when the}’’ 
are reviewed and reported they are recorded under the heading 
of “Engineering” rather than under the heading of “Physics”. 
This is a great economic loss, and attempts should be made to 
remedy this condition. 

We believe efforts should be made to continue and to further 
cooperation between engineers and physicists; it is to their 
mutual advantage. 

F. W. Peek, Jr., Chairman, 
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ANNUAL REPORT OF COMMITTEE ON LIGHTING AND 
ILLUMINATION 

To the Board of Directors, 

The Committee on Lighting and Illumination submits the 
following report for the year 1916-17: 

The Lighting and Illumination Conimittee sought, early in the 
year, to fin d some specific activity upon which it might legiti¬ 
mately concentrate its efforts with profit to the members of the 
Institute and with some measure of good to the art of lighting. 
This ambition was not realized, as the committee was unsuccess¬ 
ful in finding such an activity that was not already under con¬ 
sideration or that ought not more logically be undertaken by the 
Illuminating Engineering Society, which is specially organized 
for the investigation of lighting problems in general. 

The Lighting and Illumination Committee considers that it 
may render a valuable service to the Institute by securing papers 
on illumination topics that are of peculiar interest to the members 
of the Institute or are of such general interest as to warrant 
their presentation in abstract form before this body. The 
committee has several suggestions for papers of this character 
to hand over to next year’s committee as it was not feasible to 
procure them in time for presentation this year. 

The committee also considers that it may render some service 
to the Institute in incorporating in this annual report a very 
brief statement of recent progress in the science and art of illu¬ 
mination, referring to a few of the most salient features of that 
progress, and not in any sense attempting to classify categorically 
the recent developments or even to suggest a true perspective. 
For such a presentation the members of the Institute are referred 
to the Report of the Committee on Progress of the Illuminating 
Engineering Society. 

Progress in Electric Illumination 

The marked progress 'in electric lighting in the past few years 
is founded largely on the reduced cost of luminous flux. The 
higher lamp efficiencies which have been realized in the newer 
electric lamps, together with the gradual decline in cost of power, 
have combined to cheapen luminous flux to such an extent that 
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the average customer can with advantage sacrifice cost to a 
moderate degree in order to enhance to a greater degree the satis¬ 
factoriness of his installation. On this thesis may be explained, 
at least in part, the tendency toward higher illumination intensi¬ 
ties, both indoors and outdoors, the more general use of indirect 
or partially indirect lighting systems, and the demand for so- 
called ‘‘filtered flux,” as in the lamp which supplies luminous 
flux approximating daylight in quality, or as in the yellow lamp 
or the various kinds of tinted glassware. 

It is not intended to leave the impression that the lower cost 
of luminous flux from electric lamps is uniquely responsible for 
this marked development in artificial illumination practise. 
Along with this growing economy must be considered the im¬ 
portant progress manifest in the increasing appreciation of the 
value of the newer ideas of illumination and the equally import¬ 
ant progress in developing the means by which these more highly 
developed ideas may be realized in practise. 

A few particular cases of progress may be mentioned. One of 
the more important of these is perhaps the approximate realiza¬ 
tion of the quality of daylight in artificial illumination, secured 
through the development of a special bluish bulb, which, at some 
sacrifice of the lamp efficiency, modifies by selective absorption 
the quality of luminous flux emitted by the gas-filled tungsten 
lamp, so that the transmitted flux has a spectral distribution of 
the same general character as sunlight. The practical possi¬ 
bilities of such a device are immediately evident. One of the 
most important applications is to be found in the lighting of 
museums of art,—an application which has recently been made 
with marked success. 

Flood lighting” constitutes another particular case of recent 
progress worthy of special mention. The application in the 
lighting of the Statue of Liberty is the most prominent illustra¬ 
tion of this type of illumination, but it is being used in the most 
varied ways, many of which have marked practical value. In 
connection with flood lighting may be mentioned the recent 
activity regarding projection lamps in general, and the present 
prominence of the question of automobile headlights and other 
searchlights. 

One other example of progress is to be found in the consider¬ 
able increase in the use of ornamental “White Way” lighting for 
main business streets, and ornamental boulevard and residential 
street lighting. This, of course, has resulted in a general revising 
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of the standard of illumination throughout streets of lesser im¬ 
portance, but joining more or less closely the “White Way” 
districts. Along with the better lighting of business streets there 
is a gradual tendency to improve residence street lighting and to 
make better use of the light flux available on such streets by 
more rational subdivision of units and by utilization of light flux 
heretofore wasted for the lack of proper directing devices. 

In closing this brief report reference should be made to the 
growing acceptance of the idea of legalizing lighting codes. Two 
years ago a Committee on Lighting Legislation of the Illuminat¬ 
ing Engineering Society presented to the society a report con¬ 
taining a code of factory lighting. During the past year this code 
has been adopted and become a law in the states of Pennsylvania 
and New Jersey., 

Automobile headlight glare which has been the subject of 
considerable legislation has in general been treated in a very 
unscientific manner until very recently. Now, however, there 
is decided evidence of an awakening among technical men on 
this subject and a better understanding of the problem to the 
end that satisfactory solution of the problem appears to be in 
sight. 


E; P. Hyde, Chairman. 
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ANNUAL REPORT OF COMMITTEE ON ECONOMICS OF 
THE ELECTRIC SERVICE 

To the Board of Directors, 

The Committee on Economics of the Electric Service submits 
the following report for the year of 1916-17: 

During the past year this committee has carried on most of 
its work by correspondence, but there have been a number of the 
members who were conveniently situated with reference to New 
York City. The activity of the committee is best indicated by 
the fact that it had charge of the program for the Institute 
meeting on November 10th, 1916, the subject of the papers at 
that meeting being, “Effect of Recent Court Decisions on the 
Work of Inventory and Appraisal,” by Philander Betts, Fellow; 
“Continuous Inventories, Their Preparation and Use,” by Harry 
E. Carver, Member; “Growth and Depreciation,” by Julian 
Loebenstein, Associate. 

On April 14th, invitation was received from the Valuation 
Terminology Committee of the National Electric Light Associa¬ 
tion to send three representatives to the joint session of that com¬ 
mittee with representatives of other societies, to be held on May 
4th. As the result of the invitation, Mr. Clifton W. Wilder, Mr. 
Wm. B. Jackson and Dr. Philander Betts were designated to 
attend the same. Of these, Mr. Jackson was the only one who 
was able to attend, but Mr. Cohn was present, representiner 
Mr. Wilder. 

At the committee meeting referred to there were in attendance 
mernbers of the National Electric Light Association, American 
Institute of Electrical Engineers, American Society of Mechan¬ 
ical Engineers, American Gas Institute, American Electric Rail¬ 
way Association, American District Steam Heating Association 
and the Raihoad Presidents’ Conference Committee. 

After considerable discussion as to the form of organization 
the meeting should adopt, Mr. J. N. Shannahan was elected 
Chairman, and after a lively discussion, it was decided not to 
make any recommendations as to the formation of a joint com¬ 
mittee at this time. 

The definitions of the terms which the N. E. L. A. committee 
have prepared, were discussed and it was decided that each 
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person who was appointed to represent an association at the 
meeting should receive or be sent a copy of the definitions of 
the N. E. L. A. and of the A. E. R. A., and that each should be 
asked to send to Mr. Shannahan criticisms of the definitions: 
these to be manifolded and sent to each of those authorized to 
meet with the committee, so that there will be working material 
as a basis for discussion when the enlarged committee is again 
called together. The committee then adjourned to re-assemble 
at the call of the chairman. 

The American Society of Civil Engineers has recently dis¬ 
cussed similar definitions in connection with the discussions of 
appraisals. These definitions differ so greatly from the defini¬ 
tions accepted by economists, financiers and engineers,^ generally, 
that the importance of the work of this joint committee is at once 
apparent. 

It is recommended that the committee be continued, with 
general instructions to continue its conference with represen¬ 
tatives of the other societies. 


Philander Betts, Chairman. 
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ANNUAL REPORT OF COMMITTEE ON PROTECTIVE 

DEVICES 

To the Board of Directors, 

The Committee on Protective Devices submits the following 
report for the year 1916-17: 

During the year two meetings have been held under the 
auspices of this committee; one at Boston on the rating of high- 
tension oil switches, and one at Chicago on protective relays for 
transmission systems. At the meeting in Boston it developed 
that the engineers were not all in accord as to how or whether 
oil switches should be rated in terms of the current which they 
could safely interrupt. A sufficient number of engineers, how¬ 
ever, were in favor of such a method of rating to indicate that 
such a rating would be very desirable if possible. It is also to be 
noted that the edition of the National Electrical Safety Code, 
issued as Circular No. 54 by the Bureau of Standards, and dated 
November 15th, 1916, has a rule requiring that oil switches “be 
marked with the current which they can safely interrupt.” It is 
recommended that this question be referred to the Standards 
Committee. 

During the discussion on the relay papers it was brought out 
that there were several types of relays which were known by 
different names. One type of relay, which is more correctly 
called an excess-current relay, is generally called an overload 
relay, although it is not the best practise to use such relays on 
the generating or transmission system as a precaution against 
overheating due to slight overloads. They rather operate in case 
of large excess currents or short circuits, and there is no doubt 
but that their name has misled many engineers to use them 
improperly to the impairment of the service rendered by their 
system. 

Another type of relay is variously called a reverse-current 
relay, reverse-power relay, reverse-energy relay, and unidirec¬ 
tional relay. This type of relay is intended to operate only with 
excess currents in one direction. 

A third type of relay, used for connecting two transmission 
lines operating as one line with divided conductors of different 
constants, is variously known as biased relay, percentage differen¬ 
tial relay, and ratio balance relay. 
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During the meeting in Chicago it developed that because of 
a lack of a conventional name, considerable space in the papers 
and time in the meeting was consumed in defining the terms used 
in the discussion. While it is entirely probable that the details 
of these various types of relays will be altered and improved 
from time to time, it is quite evident that the types of relays will 
endure, and it is suggested that the nomenclature of these several 
types of relays be referred to the Standards Committee. 

The discussion on the relay papers in Chicago indicated that a 
number of the companies in the larger cities were rapidly chang¬ 
ing their practise in the operation of transmission lines due to the 
development in relays. Heretofore most of these companies, in 
order to obtain localization of the trouble upon the breaking 
down of a transmission line, have operated their lines radially, 
that is, singly and not in parallel at the substation ends. This 
plan of operation confined the service interruption following a 
breakdown, to the load being carried on this transmission line. 
With the advent of the later types of relays, which have been 
developed by several manufacturing companies, a number of the 
central station companies are now operating their transmission 
lines in parallel in a number of combinations, as they find by 
experience that the relays are reliable for this service. This 
method of operating transmission lines in parallel results in a 
considerable economy in transmission line copper due to the 
diversity in the load on the various transmission lines. With the 
present high prices for copper, any development in relays which 
will permit greater economy in transmission line copper should be 
of interest to a large part of the Institute membership. 

It also appeared from the discussion that some companies 
were using a simple, low priced relay and securing piactically the 
same service as other companies with a higher priced, more 
complicated relay, and under practically the same conditions. 
It also appears that some companies are experimenting with 
types of relays under certain conditions, which have been tested 
by other companies under practically the same conditions and 
abandoned because unsatisfactory. 

In view of this situation, which has been known to the com¬ 
mittee for a number of months, but which was accentuated by 
the discussion at the Chicago meeting, the committee has under¬ 
taken to prepare a questionaire regarding relays, but owing to the 
circumstances during the past few months they have been unable 
to put this questionaire in form to be sent out to the various 
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power transmission companies. It was the hope that the replies 
to this questionaire would enable the committee to make some 
definite recommendations based upon the experience of the 
various companies. It is recommended that the work on this 
questionaire be continued by the Committee on Protective 
Devices during the coming year, and that the information gath¬ 
ered by the questionaire after being tabulated and summarized, 
be presented by the committee in form for discussion at one of 
the technical sessions of the Institute. 

D. W. Roper, Chairman. 
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ANNUAL REPORT OF COMMITTEE ON INDUSTRIAL 
AND DOMESTIC POWER 

To the Board of Directors, 

The Committee on Industrial and Domestic Power submits the 
following report for the year of 1916-17: 

At the October 1916 meeting of the Board of Directors the 
committee name was changed from ‘^Committee on Electricity 
for Industrial and Domestic Use” to “Industrial and Domestic 
Power Committee.” A rather large'committee was selected, as 
the chairman desired to consider a new field of activity and 
wanted to get as wide an expression of opinion as possible. 

Three meetings of the committee were held; the first in Phila¬ 
delphia in October, the second at Pittsburgh in January and the 
third at Chicago in March. In addition a sectional meeting was 
called in Cleveland in December. 

Of the twenty-two members on the committee 16 have at¬ 
tended one or more of the meetings and of the other six the chair¬ 
man has personally seen and talked over the committee work with 
all but one. 

The committee has been represented at every meeting of the 
Meetings and Papers Committee. 

The presentation of papers under the auspices of the com¬ 
mittee was confined to two sessions at the midwinter convention 
in February on the general subject of “Control of Industrial 
Motors.” The committee responded well to the request for a 
list of papers available for presentation before local sections, and 
with the cooperation of other committees compiled a list of about 
110 such papers. 

In 1914 the committee started an investigation of standard 
sizes for carbon brushes. Up to that time no effort had been 
made along this line with the result that nearly 5,000 variations 
of sizes and special work were in use. The present chairman 
has actively followed this line and in 1915 interested the Elec¬ 
tric Power Club. After a great deal of work on their part a 
meeting was called in Cleveland between representatives of the 
Electric Power Club and the Carbon vSection of tl^e Associated 
Manufacturers of Electrical Supplies, with the chairman of this 
Committee as the chairman of the meeting. Subsequent meet- 
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ings were held and the following standards have been adopted 
by the Electric Power Club as general engineering recommen¬ 
dations effective July 1st, 1917. It is recommended that the 
A. I. E. E. Standards Committee consider these and give their 
approval if nothing is found incompatible with engineering 
practise and development. 


Standard Sizes for Carbon Brushes 

1. Length of Round and Rectangular Brushes 

Up to and including 134 inches.increase by steps of 34 inch 

Over 134 and to 3 inches.increase by steps of 3€ inch 

Over 3 inches.increase by steps of 34 inch 

Preference to be given steps of 34 inch below 1 inch length and 34 inch 
above 1 inch length. 

2. Width and Diameters 

Up to and including 3€ inch.increase by steps of 1/16 inch 

Over 34 inch to 234 inches.increase by steps of 34 inch 

Over 234 inches.increase by steps of 34 inch 

It is recommended that 34-inch steps be used wherever possible. Di¬ 
ameters of round brushes shall vary by steps of 1/16 inch. 


3. Thickness 

Up to and including % inch.increase by steps of 1/16 inch 

Over^34 inch.increase by steps of 34 inch 

It is recommended that 34-inch steps be used wherever possible above 
34-inch thickness: 


4. Limits 


Rectangular and Square Brushes 

Length... qj. minus 1/32 inch 

.exact size down to 1/64 inch undersize 

Thickness—Plain brushes.plus 0.001 inch 

minus 0.003 inch 

Plated brushes..plus 0.001 inch 

minus 0.004 inch 

For square brushes, thickness limits to apply to both the width and 
thickness. 


Round Brushes 


Diameter:— 


Up to and including 34 inch. 

5/16 and 34 inch. 

7/16 inch and above. 

Length. 

Box gages to be used for thickness 


. . .exact size to 0.006 inch undersize 
. . .exact size to 0.008 inch undersize 
. . .exact size to 0.010 inch undersize 

.plus or minus 1/32 inch 

and diameter. 


o. i^engtn ot Shunts 

It deeded that no standard lengths could be used, but it was 
agreed to define the length of a shunt as the distance from the top of the 
brush to the center of the slot or hole in the terminal 
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6 . Holes or Slots in Shunt Terminals 
It was decided that exact sizes are not essential, but that the following 
shall be adopted as a maximum for the screws specified, and the minimum 
shall allow sufficient clearance to permit the screw entering the slot or 
hole without binding* 

No. 8 and No. 10 screws. 7/32-inch hole or slot 

No. 12 and No. 14 screws. M-inch hole or slot 

5/16-inch screw.11/32-inch hole or slot 

^-inch screw.13/32-inch hole or slot 


7. Bevels 

Bevels on carbon brushes shall vary by steps of five degrees and shall 
be accurate to within one degree above or below. 

The length of a beveled brush shall be the distance from the end to 
the toe of the bevel, if beveled on one end only, or the distance from toe 
to toe measured parallel to the face of the brush when both ends are bev¬ 
eled. In other words the length will be that of the square-ended brush 
from which the beveled brush was made. 

8 . Plated Brushes 

Dimensions, limits, etc., to be the same as for plain brushes, except 
thickness limits, for which see Paragraph 4. 

The greater part of the year’s work has not been finished but 
the committee hopes to have the papers ready for presentation 
next fall. It undertook to begin a study of motor and control 
application to various industries. It believes there is a best type 
direct-current motor, a best type alternating-current motor and a 
best type controller for every important machine in every 
industry. The committee has undertaken this year to begin a 
study of three fields; cement industry, passenger elevators and 
metal working industry. For this purpose three sub-chairmen 
were appointed, one in charge of each division. As stated above, 
the work is not completed but, if the committee is held largely 
intact for another year, it is bdieved we can make complete 
recommendations for the cement industry and passenger eleva¬ 
tors. The metal working industry is too extensive to cover in 
such a short time and the sub-committee in charge of this division 
is making a study of some of the most important machine tools. 
The results are to be presented in convenient table form. 

Care will be taken to keep recommendations of such a general 
nature that they will not discriminate between manufacturers. 
In every case where recommendations are made they will include 
both alternating and direct-current motors without favoring 
one over the other. 
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The committee enlisted the services of local Industrial and 
Domestic Power Committees and responses were received from 
Seattle, Milwaukee, and Cleveland with assurances that any 
work outlined by the committee would be carried out to the best 
of the ability of the local committee members. The Industrial 
and Domestic Power Committee recommends that a careful 
study be made to determine to what extent local and national 
technical committees can cooperate in their work to mutual ad¬ 
vantage. It has been suggested that perhaps the technical 
committees depend too much on specialists and not enough on 
the vast fund of practical experience of the membership at large. 

/ E. H. Martindale, Chairman. 
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ANNUAL REPORT OF COMMITTEE ON TELEGRAPHY 
AND TELEPHONY 

To the Board of Directors, 

The Committee on Telegraphy and Telephony submitwS the 
following report for the year 1916-17: 

Cooperation in Avoiding Interferences 
Cooperation between the representatives of lighting and power 
interests and the operators of telephone and telegraph plants, 
directed toward avoiding hazards and interference, has pro¬ 
gressed, and the engineers of these different utilities are becoming 
better acquainted with the problems involved leading toward the 
friendly settlement of differences. Specific cases of interference 
are being met by the application of principles, some of which 
have been established as the result of experience and others 
which are in more or less advanced stages of development. 

Telephony 

Applications of the developments which made transcon¬ 
tinental telephony possible have been extended so that now the 
cities of over 50,000 population in the United States, as well as 
the territory adjacent to them, have been placed in telephonic 
communication with each other. These improvements which 
have increased the range of telephone transmission many-fold 
have been made with only slight changes in the lines and equip¬ 
ment and with no change whatever in the subscriber’s station 
apparatus. 

Beyond the advantage to the public of such a universal system 
of communication, its special value under war conditions, in 
problems of national defense, is of transcendent importance. 
This was demonstrated during the past year by a mobilization of 
systems of communication made at the request of the Secretary 
of the Navy. This demonstration was conducted in cooperation 
with naval officers under the command of the Chief of Naval 
Operations. Continuously during three days the Navy Depart¬ 
ment at Washington and the Navy Yards and Naval Stations in 
the Continental United States carried on all their communication 
with each other and with the naval force in that territory by 
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telephone and telegraph over the wires of the Bell System. 
During this period instantaneous telegraph and telephone com¬ 
munication between any points involved in the mobilization was 
possible. 

Included in this demonstration was a test of wireless telephony. 
The battleship New Hampshire was connected with the system 
by wireless telephony and was able to receive and send com¬ 
munications while the vessel was at Hampton Roads and even as 
far out to sea as the southern drill grounds. Conversation 
between the Mare Island Navy Yard on the Pacific and the 
battleship New Hampshire while at sea was possible. Captain 
Bennett, in command of the Mare Island Navy Yard, conversed 
with Captain Chandler on the New Hampshire which was at that 
time in a storm on the Atlantic. This conversation was trans¬ 
mitted over the transcontinental telephone wire circuit from 
Mare Island, California, to the radio station at Arlington, Va., 
and there transferred automatically to the wireless from Arling¬ 
ton to the ship at sea, the return conversation taking the opposite 
course. 

The mobilization was intended primarily to test the efficiency 
of the wire system in time of war. The Secretary of the Navy 
and the Admiral in command at Washington talked to the 
commanding officers of the naval stations on the Pacific coast, 
on the Gulf and Atlantic coasts and on the Great Lakes. The 
results of this mobilization were most satisfactory and demon¬ 
strated that the plant and organization involved were in com¬ 
plete readiness to respond in case of national emergency. 

Telegraphy 

In the subject of telegraphy, beyond the increasing use of 
automatic devices and methods, there have been no new develop¬ 
ments completed concerning which reports can be made at this 
time. 

Radio-Telegraphy 

Along the lines of commercial application of radio-telegraphy 
there has been an extension in the long distance service by the 
Marconi Company opening up communication with Japan via 
Honolulu. There are also high-powered U. S. navy stations 
located in California, Hawaii, the Canal Zone and the Philip¬ 
pines. The two German stations located at Sayville and Tucker- 
ton have done a large business in transmitting messages to and 
from Germany directly. 
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The tendency in radio-telegraphy in its use on ships has been 
towards standardization in the form of the sets. This is par¬ 
ticularly true in the spark type of sets. There has been an 
increasing use of sustained waves on ship stations. The general 
service rendered by the ship stations has continued to be of large 
and increasing value. 

The use of sustained waves is increasing. The power required 
for this method is generated by arcs or by high-frequency alter¬ 
nators either directly or through frequency transformers. 

F. L. Rhodes, Chairman. 
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ANNUAL REPORT OF THE MARINE COMMITTEE 

To the Board of Directors, 

The Marine Committee submits the following report for the 
year 1916-17: 

The shipbuilding industry has been submerged with work 
both of the merchant variety as well as the naval type of vessel. 
Heavy demands have been made upon the time and talents of the 
electrical engineer. New and extensive applications of the 
electric motor have been made. Many of the merchant designs 
have departed from the conventional direct-current lighting 
plant to a complete equipment of alternating-current lighting and 
motor service including engine room as well as deck auxiliaries. 
These plants have followed commercial land practise using 
250-volt, 60-cycle, 3-phase alternating current. Two or more 
merchant vessels now under construction will be electrically 
propelled. The navy preparedness program included over one 
hundred and fifty vessels and the capital ships are to be elec¬ 
trically propelled. 

Present Activities 

The rules for marine installations compiled last year and 
adopted by the National Board of Fire Underwriters were ac¬ 
cepted this year without change by the American Bureau of 
Shipping. These rules were simultaneously submitted to Lloyd’s 
Register of British and Foreign Shipping and their representa¬ 
tives in this country suggested that our committee confer with 
the British Institution of Electrical Engineers. We are at present 
in correspondence with the rules committee of the British Insti¬ 
tution and are awaiting ways and means of accomplishing the 
final acceptance of Lloyd’s Register. This acceptance will com¬ 
plete the work of standardization of marine installations. A 
sub-committee was appointed at the beginning of the year to 
consider tentative rules for the installation of wires and wire- 
ways specifically for electric propulsion but this sub-committee 
in a partial report indicates that the subject cannot be well 
handled while the designs proposed are still in an unsettled state. 
One technical paper has been in course of preparation since last 
August and three other papers were requested. The stringency 
of the times has not permitted the writers to effect an accom- 
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plishment. The confidential restrictions placed on naval affairs 
forbids the publication of technical data at this time and this 
committee is of the opinion that general or suggestive papers 
would not be of value to the Transactions of the Institute. The 
applications of electricity to the merchant service are in the na¬ 
ture of innovations and their value remains for determination 
after their performance has been carefully observed in practise. 

Future Suggestions 

The unfinished negotiations with Lloyd’s Register of British 
and Foreign Shipping should be brought as soon as possible to a 
favorable conclusion. The preparation of tentative rules cover¬ 
ing the installation of electric propelling machinery and corre¬ 
lated matters should be entered upon as soon as opportunity 
permits, so as to avoid restrictions or complications that may 
take place due to lack of rules or the transfer by interpretation 
of old rules to a new and not fully understood application. 
Continuity in committee work is essential to progress and the 
chairman of this committee has consistently laid before the 
secretary of the committee all matters connected with the actions 
both external and internal of the committee so that full informa¬ 
tion is available to the succeeding committee. It is believed that 
sub-committees which have not been able to complete their 
work should be continued until discharged. In view of the 
conditions briefly alluded to it seems almost impracticable at 
present to suggest any methods for the production of technical 
papers. It may be expected, however, that in a few months the 
conditions may change, sufficient experience gained, and results 
obtained, to allow of the collection of much valuable information 
for the Transactions. 

H. A. Hornor, Chairman, 



634 


TECHNICAL COMMITTEE REPORTS 


annual report of committee on the use of 

ELECTRICITY IN MINES 

the Board of Directors^ 

The Committee on the Use of Electricity in Mines submits 
following report for the year of 1916-17: 

pR-iisrciPAL Developments in the Use of Electricity in 

Mines 

The more notable advances in the use of electricity in mines 
dxiring the past year have been in the directions enumerated 
below: 

^ The development of storage-battery locomotives and com¬ 
bination storage-battery and trolley locomotives. 

The development of trolley locomotives in sizes up to 35 tons. 

The development of the so-called ‘^arc-master” for use with 
mine locomotive controllers. 

The increased use of power purchased from central stations. 

The application of electric motors to the ventilating fans of 
coal mines. 

General improvement in the design and construction of mine 
electrical equipment, and increased use of interpoles and improve¬ 
ment in the methods of impregnating motor windings to make 
them moisture resisting. 

The increased use of 2200 volts and higher voltages for under¬ 
ground transmission and for direct application to stationary 
motors used in mines. 

The development of explosion-proof motors for coal mines. 

The development and widespread adoption of self-contained 
portable electric lamps for miners. (This is believed to be one 
of the most effective safety measures that has been taken in 
some time). 

The development of a practical electrically operated recipro¬ 
cating drill. 

The increased use of electrically operated coal cutting equip¬ 
ments. 

Increased interest in safe electrical equipment and measures 
for safeguarding the use of electricityj^in'"mines. 
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Activities op the Mines Committee 

The Mines Committee was reorganized rather late in 1916 and 
for that reason has not accomplished as much as the members 
could have desired. The committee has recommended to the 
Institute that active steps be taken to increase the membership 
of the Institute among electrical engineers engaged in mining 
work. They havb also recommended that a vocational classi¬ 
fication be made of the membership of the Institute, to the end 
that all technical committees can readily determine what engi¬ 
neers are interested in the particular work of the committee. 

The committee has also recommended that meeting at which 
mining papers are presented should be the meeting held at 
Pittsburgh, or one of the sessions of the Mid-Winter Convention, 
in the event of the Mid-Winter Convention’s being held simul¬ 
taneously with that of the American Institute of Mining Engi¬ 
neers. The committee points out that under no other circum¬ 
stances can we be assured of an audience sufficiently interested 
in mining subjects to warrant the committee in asking the more 
prominent mining electrical engineers to present papers. 

The principal work of the committee has been done in con¬ 
nection with suggested rules for the use of electricity in bitu¬ 
minous coal mines. These rules were prepared by two members 
of the committee in collaboration with a majority of the rest of 
the committee and other mining men and electrical engineers. 
The rules were prepared under the supervision of the United 
States Bureau of Mines, who stands sponsor for them. These 
rules were formally submitted to the Institute by the Mines 
Committee, with a request that they be approved and adopted 
by the Institute. The rules were referred first to a joint com¬ 
mittee of the Standards Committee and the Code Committee, 
who found that there was nothing in the rules incompatible 
with the Institute’s Standjardization rules. The Mines rules 
were then referred to a joint sub-committee composed of members 
of the Mines Committee and Standards Committee, who re¬ 
ported favorably upoii them to a joint session of the Standards 
-Committee and the Mines Committee, ^ and the joint session 
recommended to the Board of Directors that the Institute approve 
these rules in the interests of safety, good engineering practise, 
and standardization. The Board of Directors then referred the 
rules once more to the Code Committee, which at the date of 
writing this report still has the rules under consideration. 
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Suggested Future Activities 
It is suggested that the aim of the Mines Committee in the 
future be to get nearer to the electrical mining men, to urge the 
Institute to do things to interest such men and attract them to 
membership in the Institute. 

An effort should be made to recruit the Institute ranks with 
as many of such men as possible and have mining sessions at 
which the best electrical men in the industry present papers. 
The time for such a move was never more opportune. It is 
suggested that if the Institute will interest itself in standards 
for mine safety and other mine electrical standards, such an 
attitude will do more than anything else to interest a class of 
members that the Institute needs very much. 

H. H. Clark, Chairman. 
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ANNUAL REPORT OF IRON AND STEEL COMMITTEE 

To the Board of Directors, 

The Committee on the Iron and Steel Industry submits the 
following report for the year of 1916-17: 

The Iron and Steel Committee is arranging to cooperate, if 
possible, with the Association of Iron and Steel Electical Engi¬ 
neers for providing papers for their annual convention in Sep¬ 
tember. Details of this cooperation have not yet been worked 
out. 

From a study of the relations between the A. I. E. E. and the 
A. of I. & S. E. E., it is evident that it is desirable to formulate 
some kind of policy for the A. I. E. E. to follow. 

The A. of I. & S. E. E. came into existence about ten years 
ago, as at that time it was thought by the mill operators that 
the activities of the A. 1. E. E. did not cover the field in a way 
helpful to them., It was, therefore, decided to form an inde¬ 
pendent association that would deal with the problems of steel 
mill operators in a proper manner. The only persons eligible 
to full membership are electrical superintendents of steel mills 
or other plants allied with the steel industry. Members of 
manufacturing companies are only eligible for associate member¬ 
ship and take no part in voting. 

It is evident from a knowledge of the constitution of the two 
societies that there is a natural division between their activities. 
The A. of 1. & S. E. E. is primarily interested in the collection 
and exchange of data relating to operations. Such data are of 
interest only to persons interested in the steel industry. The 
A. I. E. E. is interested in the development of the electrical 
apparatus generally and questions of design of apparatus and 
special functions are of interest to many of its members. The 
information that may be obtained from papers and discussions 
is of interest to the whole industry whenever it contains an 
element of more than local application. It would, therefore, 
appear that as far as papers are concerned it would be natural 
for those covering operating features or special methods of in¬ 
stallation, operating costs, etc., would be within the province of 
the A. of I. & S. E. E. Papers dealing with the design of the 
apparatus or with the relation of apparatus used in steel mills 
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to apparatus used in other industries, would naturally appear to 
be within the province of the A. I. E. E. 

There are, of course, many points at which there may be a 
conflict. For instance, a paper dealing with the interconnection 
of a number of independent generating stations in steel mills 
so as to utilize their combined capacity to better advantage, 
would be a natural subject for discussion before the A. of I. 
& S. E. E. On the other hand, such a paper would also be of 
interest to the A. I. E. E. as it relates to a problem which is an 
every day matter of power generation and distribution. There 
are bound to be a number of such papers read before both 
societies. On the other hand, a paper dealing with the design 
of a rolling mill motor would naturally be the subject for the 
A. I. E. E. as a rolling mill motor is only a special form of one 
class of electrical machinery. However, the paper dealing with 
method of installing such a motor and the peculiar conditions 
under which it might operate would be proper subject for the 
A, of I. & S. E. E., as it would only be of interest to the members 
of this association and not the membership of the A. 1. E. E. 
generally. 

In this connection, it must be borne in mind that the majority 
of full members of the A. of I. & S. E. E. are members of the 
A. I. E, E. and it is also a fact that practically every one in the 
A. I. E. E. interested in the steel industry are members or asso¬ 
ciates of the A. of I. & S. E. E. 

This matter has been gone into at some length as it would 
appear advisable for the A. I. E. E. to adopt a fixed policy 
regarding acceptance of papers to be read before it on subjects 
dealing with the iron and steel industry. 

An important activity of the A. I. E. E. is being duplicated 
to some extent by the A. of I. & S. E. E., i,e. Standardization. 
It does not appear that it is advisable for the A. ofl. &S.E. E. 
to attempt a standardization of apparatus in competition with 
the^A. I. E, E. but it would appear desirable for the A. of I. 
& S. E. E. to adopt the standards of the A. 1. E. E. and to have 
a sub-committee of the A. 1. E. E. Standard Committee to take 
care of any special characteristics that may be found necessary 
for the successful operation of apparatus in the steel industry. 
In this way a useless duplication of the work can be avoided and 
also the natural confusion that will arise regarding requirements 
if there are several standards. The manufacturing companies 
are certain to adhere to the A, 1. E. E. standards and there 
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would be continual difficulty regarding exceptions to any other 
set of standards. 

It would appear that there is a field of activity in the steel 
industry that should be probably covered by the A. I. E. E., 
but at the same time an effort should be made to avoid the 
presentation of papers which interest only a small section of the 
Institute membership and which would be more effective if 
read before an association all of whose members would be 
interested in the subject. It is, however, desirable that an 
effort be made by the A. of 1. & S. E. E. to avoid unnecessary 
attempts at standardization if the same result can be obtained 
by cooperation with the A. I. E. E. 

It would seem desirable that a small committee of the A. I. 
E. E, should be formed to confer with a similar committee of 
the A. of 1. & S. E. E. to arrive at an understanding regarding 
the activities of each society in connection with the iron and 
steel industry. In this way a definite settlement can be ar¬ 
rived at and a policy fixed for the future. The A. I. E. E. 
committee should preferably consist of members not associated 
with the iron and steel industry. All members of the A. I. E. E. 
connected with this industry are necessarily more or less asso¬ 
ciated with the A. of I. & S. E. E. and it is rather difficult for 
them to differentiate between the claims of the two societies. 

Wilfred Sykes, Chairman. 
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ANNUAL REPORT OF THE EDUCATIONAL COMMITTEE 

To the Board of Directors, 

The Educational Committee submits the following report for 
the year of 1916-17: 

The Educational Committee has devoted its attention to the 
subject of devising a scheme to assist and encourage the younger 
members of the Institute in developing themselves by under¬ 
taking the study of research and practical problems which it is 
hoped will be collected for them by the Educational Committee 
in the future from the older members of the Institute and pre¬ 
sented in the form of competitions. In doing this your com¬ 
mittee has been carrying forward and enlarging the policy of the 
Educational Committee of the preceding years. 

It is the sense of your Committee that the Educational Com¬ 
mittee should endeavor to assist the younger members of the 
profession to improve their training in engineering by carrying 
on volunteer graduate work of a practical character under the 
advice of the older members who are in the active practise of the 
profession. 

There is apt to be a gap in the intellectual training of an en¬ 
gineer frorn the time he leaves his technical school, while he is 
engaged in the important but rudfer type of work of the shop or 
field, till he has ‘‘found himself” and made a sufficient reputation 
to be taken into the office and put upon the higher problems of 
engineering. During the time of this gap numerous young men 
feel a want, a longing to do something which will improve them- 
^selves and give them an opportunity of demonstrating their 
capacity to the older members of the profession. At present only 
the exceptional ones have sufficient originality and progressive¬ 
ness to think out problems for themselves and tackle them. 
The majority of the good men devote their spare hours to reading 
and the remainder just drift along. 

While reading and study will develop one’s knowledge it will 
not develop originality, inventiveness and resourcefulness. Only 
the application of knowledge to specific problems will do that. 

The young men in this category are particularly the younger 
members of the Institute forming the substantial part of the 
membership of the “Branches,” but also the enrolled students 
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and students in technical schools should be considered. The 
Institute should consider that these men cannot attend the 
general meetings very frequently and that the majority of the 
papers presented before these general meetings are too specialized 
to appeal to them. Yet these men are the future backbone of the 
Institute and the profession. It is therefore the duty of the 
Institute to hold their interest and train them. This is a matter 
which should interest the Sections Committee also and should aid 
in strengthening its work and it also can aid in carrying on this 
work. 

Thus your Committee urges a cooperation between the Sec¬ 
tions Committee and the Educational Committee in the work of 
providing programs of papers and study for the younger members 
through the medium of the branches. 

The committee has sketched out a scheme of action which it 
recommends should be developed and followed up by successive 
Educational Committees throughout a term of years. 

The program should begin with a meeting of the Institute de¬ 
voted to this subject for which papers would be invited from a 
few of the older men which should deal with the subject of what 
qualities and training after graduation are most valuable in the 
young engineering graduate. A few written discussions of the 
main papers should also be invited. At the same meeting there 
should be presented some letters from the younger members 
stating their point of view and the obstacles they encounter in 
the way of advancement. 

The Educational Committee should collect suggestions for re¬ 
search and hypothetical problems of a practical and theoretical 
nature from older members and present them to the membership 
through the medium of the branches. Work on these problems 
should be organized in the form of competitions similar to those 
carried on successfully for a nuinber of years by the Engineers 
Society of Western Pennsylvania. The committee acknowledges 
the helpful and valuable suggestions imparted to it on this sub¬ 
ject by Dean Leete of Carnegie Tech. School. To cairry out this 
scheme the Educational Committee should actively solicit 
suggestions from the older members and should send out from 
time to time a list or program and announce a time at which the 
solutions would be considered and graded. The Educational 
Committee should assume the responsibility of grading these 
reports but should appoint judges from engineers outside of its 
membership. Later the most praiseworthy solutions should be 
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published and a meeting of each of the branches set for the 
discussion. If possible awards should be made for the best 
solutions although it is probable that the honor of having the 
paper published and discussed would be a sufficient incentive. 

The Educational Committee from time to time should invite 
prominent members of the Institute to write papers on funda¬ 
mentals or principles of the design and operation of electrical 
apparatus or systems which would make our proceedings of 
more interest to the younger members. As examples of papers 
of this character are two by Mr. B. G. Lamme on Commutation, 
1911, and on Iron Losses in D-C, Machinery, 1916. 

Your committee recommends that relations be established with 
the Educational Committees of the other three Founder Societies 
for an exchange of views and coordination of methods as we 
understand that the A. S. M. E. is endeavoring to carry out 
a similar policy to strengthen its hold on the younger members 
through the cooperation of the Educational and Sections Com¬ 
mittees. 

In general the plan outlined is intended to supply the missing 
link in the development of the engineer between the time of 
graduation and the time he really begins to accomplish something 
and becomes an identity in the engineering profession. 

W. I. Slighter, Chairman, 
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ANNUAL REPORT OF THE POWER STATIONS 
COMMITTEE 

To the Board of Directors^ 

At the first meeting held October 13, 1916, the scope and ac¬ 
tivity of the Committee were analyzed with a view of avoiding 
the present unnecessary duplication found in the numerous com¬ 
mittees of the various sister societies. The opinion has been 
advanced that many of the overlapping committees would do 
better to limit their work to the subjects peculiarly proper to 
their own society, and omit the investigation of subjects falling 
more nearly in the work of other societies, utilizing the work of 
sister society committees to complete the field when necessary. 

For instance, the design of turbines, stokers, bearings, and 
boilers is very properly the work of the A. S. M. E. It is a 
waste of time for the A. I. E. E. to go through all the work of 
the Boiler Code again: Therefore, the boiler code of the A. S. 
M. E. was offered to the standards committee with the recom¬ 
mendation that it be approved, since, presumably, the Mechan¬ 
ical Society should be the highest authority on a mechanical 
subject. Action has been'deferred for the present. In the 
opinion of the committee the right move has been made on 
subjects common to several societies in the formation of the 
joint committees on the cost of electric power. 

With the above in view, a resolution was, passed (a) that the 
function of this Committee is to investigate and report on the 
engineering of power stations beginning at the prime mover and 
ending at the outgoing cables; (b) that the investigation of 
specific problems on the remainder of the power stations, and 
allied engineering affecting it, shall be formally referred to 
appropriate committees of sister societies for action. This Com¬ 
mittee will utilize the resulting action of such sister societies in 
completing its own reports. This Committee believes in useful¬ 
ness of joint committees in getting the full results on a subject 
covered to the best advantage by each society in its own 
special field as far as is practicable. 

The subjects offered for investigation are given below. 

(1) Safety First Work in Regard to Arrangement and Installa¬ 
tion of Apparatus: This was referred to Mr. Torchio, who has 
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reported that the reference material on this subject was already 
very fully covered by the National Electric Safety Code and 
the Fire Insurance Companies. 

(2) Combined Hydraulic and Steam Plants: This was thought 
to be a subject of special solution in most cases, but a committee 
consisting of Mr. Scattergood, Mr. Harisberger and Mr. Mere¬ 
dith was appointed to get up a paper on the economics and 
design of hydroelectric and steam developments. 

(3) Excitation: This subject was taken up broadly, the 
original suggestion only covering the use of the combination 
electric-steam-drive unit now becoming popular. A committee 
consisting of Mr. Wallau, Mr. Wood and Mr. Harisberger and 
Mr. Kruesi, Mr. Smith later substituted for Mr. Kruesi, on 
account of the latter’s ill health. 

A preliminary report has been prepared, which will in all 
probability be submitted in final form by September. 

(4) Methods of Heat Analysis and Distribution for Steam Power 
Plants: Mr. Pigott, Mr. Gorsuch and Mr. Wood form the 
subcommittee and were instructed to cooperate with the N. E. 
L. A. Prime Movers Committee. Upon attempting this, it was 
found that the N. E. L. A. Committee thought its work was too 
far along to make it advisable to modify their report, but it 
will be used in working up ours. A paper on the subject is to 
be ready by September. 

(5) Air Conditioning for Generators: Dr. Moss, Messrs. 
Lincoln, Moultrop and Torchio were appointed to investigate 
the status of the air washer and filter for generators. Prelimi¬ 
nary report, March 17th, shows that while the advantages of 
air conditioning are undoubted, the results obtained do not 
always justify the expense of the equipment, on account of 
inefficient working of the washer. The .committee is not satis¬ 
fied with the data at present on hand, and is collecting further 
information. 

(6) Rating of Switches and Breakers for Dusty or Dirty Atmos¬ 
phere . The question of cutting the rating of switches and 
breakers in cement and cereal mills, or other dusty atmospheres, 
was brought up by Mr. Drabelle. It was the opinion of the 
Committee that this subject should be referred to the Committee 
on Standards, which was done. 

(7) The Ford Power Plant: On examination of Mr. Allison’s 
paper it was thought desirable that some actual operating data 
from this plant should be given, rather than predictions, and 
the matter was therefore laid aside for the present 
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(8) Improvement of Waterwheel Test Code: The opinion of the 
Committee was that the problem should only be attacked from 
the electrical end by way of known generator losses, etc., leaving 
the mechanical end to be handled by the A. S. M. E. and the 
N. E. L. A. in whose hands it more properly belongs. Mr. 
Lincoln, with Mr. Egbert, and Mr. Reist, were appointed to 
handle this matter. No report up to the present. 

(9) Design of Mimic Switchboard: This subject was brought 
up by H. R. Parker of the Toronto hydroelectric system; he 
was referred to several companies using these boards, as it was 
thought committee work for immediate construction purposes 
would be too slow. 

The chairman of the Committee, Mr. DeRemer, has been 
forced to relinquish this work for the present on account of being 
called to Washington on Government work. The writer was 
appointed to carry on the work and wishes to apologize for any 
shortcomings of this report, as it has been prepared on notice 
too short to allow of bringing all sub-committee’s reports up to 
date. 


R. J. S. PiGOTT, Vice-Chairman. 
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ANNUAL REPORT OF COMMITTEE ON ELECTROCHEM¬ 
ISTRY AND ELECTROMETALLURGY 

To the Board of Directors, 

The Committee on Electrochemistry and Electrometallurgy 
submits the following report for the year 1916-1917: 

In the absence of Capt. T. H. Schoepf on military service the 
following brief memorandum on the work of the Electrochemistry 
and Electrometallurgy Committee, has been compiled from the 
files of the chairman, with the hope of giving the new committee 
and chairman the benefit of the suggestions and opinions of the 
retiring committee. 

No sessions on electrochemical subjects were held during the 
year as none of the papers reviewed by the committee, were 
suitable for presentation except at joint meetings with the 
American Electrochemical Society, and such joint meetings 
could not be arranged because of conflicting dates. 

It was Chairman Schoepf’s plan to work up some good papers 
for the cqming year and he made an endeavor to find out from 
the most prominent engineers in the electrochemical industries, 
what subjects should be considered by the committee and pre¬ 
sented before the Institute or before a joint meeting with the 
American Electrochemical Society. The replies to the first 
request by the chairman and the subsequent opinions of the 
members of the committee, on suggested subjects, seemed to 
indicate a wide difference of opinion regarding the advisability 
of presenting some of the proposed papers. 

The most^ popular suggestions were electric furnaces and the 
fixation of nitrogen, however some of the electrochemical special¬ 
ists feel that papers on these subjects, which have been treated 
repeatedly by other societies, would result in duplication, unless 
some hitherto untouched phase of the subject is to be dealt 
with. 

Other subjects which have been suggested and discussed by the 
committee are: electrical porcelain, electric cells and batteries, 
electrolytic copper, conductors of copper vs. iron vs. aluminum, 
coal vs. water power for electrochemical industries. 

The last subject, seenas from the correspondence, to be worthy 
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of careful study and of great interest to both the steel and elec¬ 
trochemical industries, in view of the recent developments in 
large steam power units and the water power restrictions im¬ 
posed by the Government. 

It is the suggestion of the retiring chairman and some of the 
members of the committee that this timely subject be taken up 
by the new committee and presented before a joint meeting with 
the American Electrochemical Society. 

Another suggestion which met with approval was to have Mr. 
Liljenroth present a comprehensive paper on nitrogen fixation 
including the Norwegian practise, if the proper approvals can be 
obtained and there is no military objection to discussing the 
processes in the coming year. 

L. W. Chubb, Secretary Meetiris,s and Papers Committee. 




Presented at the 332nd meeting of the American In¬ 
stitute of Electrical Engineers, New York, June 28 , 

1917. 


Copyright 1917. By A. I. E. E. 


FORMS OF ELECTRIC POWER BEST SUITED FOR THE 
VARIOUS LOADS ENCOUNTERED IN THE OPERATION 
OF BITUMINOUS COAL MINES 


BY R. L. KINGSLAND 


Abstract of Paper 

The best form of power to be used in coal mines for drilling, 
cutting, hauling, pumping, lighting and ventilation, _ Syn¬ 
chronous converters versus motor-generator sets. Location of 
generating plant and substations. 


T his paper is intended to deal entirely with the practical 
application of electric power to bituminous coal mining. 
There are two general forms of electric power available; al¬ 
ternating current and direct current. With alternating current 
we have two standard frequencies; i.e. 25 and 60 cycles, and 
with both alternating and direct current we have many standard 
voltages. 

In the question of frequency the writer is much in favor of 
60 cycles. This has become more and more the standard fre¬ 
quency for central stations. There used to be some advantages 
of 25 cycles for rotary-converter work, but this has been cut 
down until today the 60-cycle machine is considered the equal 
of the 25. This choice of 60 cycles can be further justified by 
noting that in selecting motors for various mine services to 
operate between the speed limits of 300 and 3600 rev. per min. 
we have the choice of 12 speeds in the case of 60 cycles and only 
5 in the case of 25 cycles. 

Different voltages are more easily obtained with alternating 
current than with direct current due to transformers. The 
rated voltage on a-c. machines may be misleading from a safety 
standpoint. This rated voltage is the effective voltage; whereas 
the peak, or maximum instantaneous voltage, is equal to a most 
one and one half times the average value. Thus ^ P^^^on 
coming in contact with an a-c. 300-volt line could receive 
volts while with a d-c. line he could receive only 300 volts. 

The question of transmission is one of the most important in 
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connection with coal mining. If complete copper circuits are 
used, 3-phase 3-wire alternating current with unity power factor 
requires only three-fourths the copper that direct current of the 
same voltage does. In actual practise, however, in bituminous 
coal mining work under ground, the nature of the load is such 
that more copper is required for a 3-phase a-c. circuit than for 
a d-c. circuit of the same voltage. This is largely due to the 
lagging power factor caused by induction motor load. It is 
common practise in d-c. transmission underground, to use the. 
rail for the return circuit. In the case of 3-phase alternating 
current the rail may be used in place of one of the wires. In 
this case the total feeder wire for alternating current unity power 
factor and direct current would be exactly the same for the same 
voltage drop. Actual conditions, however, in this case require 
even a larger excess of copper for the alternating current than 
where complete copper circuits are used. 

What is known as low voltage is steadily increasing in favor 
for portable machines used under ground. This includes a 
maximum voltage of 300, with a 10 per cent divergency factor al¬ 
lowed. In other words the actual maximum voltage at any 
point on the lines cannot be in excess of 330 volts to come within 
what is termed low voltage. For stationary machines, medium 
or even high voltages can be used to advantage, and safely, if 
proper protection is afforded. 

To summarize, the writer favors the use of direct current or 
3-phase 60-cycle a-c. power at 330 volts or less for all portable 
machines under ground and considers that stationary machines 
should be treated individually. 

When considering the separate classes of motor-driven ma¬ 
chines it is well to keep in mind some of the principal charac¬ 
teristics of the most commonly used motors; i.e. the d-c. shunt 
and compound motors and the a-c. squirrel-cage induction motor. 
For our purposes these are all used as constant-speed motors. 
In the d-c. motors the speed varies almost directly with the 
voltage while with the a-c. the speed is practically independent 
of the voltage and depends on the frequency. The torque of 
the d-c. motors varies almost directly with the voltage, but in 
the a-c. induction motor the torque varies with the square 
of the voltage. As an example if we had one-half rated 
voltage on a d-c. shunt motor we would have one-half torque, 
while with one-half voltage on a squirrel-cage induction motor 
we would only have one-fourth the torque. This is a good 
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point to keep in mind when considering a-c. motors for portable 
machines tinder ground. 

For under ground distribution only two classes of copper 
conductors have been found practical—bare, and lead-covered 
steel-armored. Other forms of insulation can not be depended 
upon for any length of time, and are therefore not as safe as no 
insulation. 

In order to cover all classes of load each will be taken up in 
turn. First we will consider the under ground loads, and then 
the surface loads. 

The machine most used for cutting coal today is that known 
as the chain machine. The squirrel-cage induction motor is 
ideal for driving this machine, provided the proper voltage can 
be supplied to it. Shunt or compound-wound d-c. motors are 
more frequently used for reasons which will appear later. 

Drilling machines used for making the shot holes are made in 
various types, some of them being driven by the same motors 
that run the cutting machines, and some by separate motors. A 
constant-speed motor is required, and high starting torque is not 
necessary. 

Several types of coal loading machines have been developed, 
but none of them have come into general use as yet. Motors 
for these require the same characteristics as for coal cutting 
machines. 

Combination coal cutting and loading machines are being ex¬ 
perimented with, but they do not appear to be even as far ad¬ 
vanced as the loading machines. Constant-speed high starting 
torque motors are also required for their operation. 

One of the main factors in determining the form of electric 
power to use under ground in large mines is haulage. No 
practical means has been developed for heavy haulage by the 
use of alternating current and we are therefore limited to direct 
current. Haulage may be divided into three classes; trolley 
locomotive, storage-battery locomotive, and stationary hoist. 
For trolley locomotives d-c. series motors have proven by far 
the most practical. For battery locomotives the same is, of 
course, true. For stationary hoists much depends on the amount 
of load, the distance from power source by way of the mine 
workings, and the distance from- the surface. More will be said 

of this later. 

Pumps used in mines can be placed in two classes—those used 
for gathering the water to one or more central points, and those 
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used to remove it from these central points to the surface. For 
the smaller pumps, or those coming under the first class, it is 
obvious that the same form of power should be used as is used 
for cutting, drilling and loading. The larger pumps will be 
treated with stationary hoists. 

Lighting under ground can be most easily accomplished by 
the power that is used for other purposes where the lights are 
required. That is, it is not worth the extra installation and 
maintenance expense to string separate lighting lines through 
^ mine. In the case of shaft mines or slope mines it is some 
times advisable to install separate circuits for the lighting where 
trips of coal are landed, and where the empty trips are made up. 
Tungsten lamps are the most economical lamp available for the 
size units required under ground. It has been the writer’s ex¬ 
perience, however, that these lamps do not give satisfactory 
services on voltages above 125 in sizes smaller than 200 watts. 
For use on 250 or 300-volt service I have found the carbon fila¬ 
ment lamp to give the best results. 

For concentrated loads of 100 horse power or over such as 
hoists, pumps, and underground substations I have found sepa¬ 
rate lead-covered steel-armored cables leading direct from the 
surface through special bore holes very satisfactory for supply¬ 
ing alternating current at voltages up to 11,000 star. Such 
cables are practically indestructable. For centrifugal or plunger 
pump installations constant-speed induction motors of the bore 
hole cable voltages can be used with perfect safety as there are 
no exposed contacts. Hoists can be treated in the same way and 
where necessary current-limiting devices can be applied so as to 
cut down the peak load. For under ground substations it is 
generally advisable to transform down to the required voltage 
in the substation room, in case synchronous converters are used. 
For motor-generator sets this is of course unnecessary. 

The quesHon of the relative merits of synchronous converters 
versus motor-generator sets, while not closely related to the 
question of selecting the best form of power, is of considerable 
importance to mine operators. The principal advantages attrib¬ 
uted to the motor-generator set are higher power factor and 
closer voltage regulation. The advantages of the synchronous 
converters are lower first cost, small space occupied, and higher 
efficiency. The writer favors the synchronous converter be¬ 
cause he has found that its advantages outweigh those of the 
motor-generator set in practise. I have operated a central plant 
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having a mine load only, consisting of twenty five mines, where 
synchronous converters were used for supplying all d-c. power, 
and induction motors for fans, pumps, etc.; and where the power 
factor was ninety eight per cent lagging on peak loads, and 
never went below ninety per cent. I have found that the latest 
design of synchronous converters will carry momentary over¬ 
loads of two hundred per cent and that motor-generator sets 
are not good for over one hundred per cent overload. The d-c. 
voltage at the substations was practically constant. When 
installing a substation inside a mine the smaller space necessary 
for the synchronous converter will be found to be of great ad¬ 
vantage. It is easier to preveifi; squeezes from above and below 
with a small room than with a large one. 

In locating a pumping station the possible location of a sub¬ 
station adjacent to it should not be lost sight of. This often 
means materially better voltage conditions for cutting and haul¬ 
ing coal without increased labor cost. The same man can 
operate the substation and the pump station. 

In a great many bituminous coal mines ventilation is of first 
importance. For this reason we should have the most reliable 
ventilating equipment. As the squirrel-cage induction motor is 
the most rugged, as well as the simplest form of electric motor 
made, it lends itself especially well to this class of work. Through 
experience I have found that this type of motor gives entire 
satisfaction. In cases where it is advisable to reduce the volume 
of air delivered to a mine for certain periods, in order to save 
power or for some other reason, a two-speed motor of the same 
type can be used to advantage. Changing the speed of the fan 
from time to time as mine workings progress can be accomplished 
by changing the pulley sizes for a belted fan or the sprocket 
sizes for a chain driven, or geared fan. My own opinion favors 
belt drives as these relieve the motor from the cut off blows of 
the fan. In case a-c. power is not available for fan drives shunt 
motors should be used, but commutators prevent their giving 
the same reliable service as the induction motor. 

In the preparation of coal one of the principal difficulties that 
motors encounter is fine dust, and plenty of it. The totally 
enclosed squirrel-cage, or where service requires it, the wound- 
rotor induction motor meets this condition most successfully. 
In either case, it is preferable to have a totally enclosed motor. 
Totally enclosed compound-wound motors should be used if 
alternating current is not available. 
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Shop drives and lighting can be classed together because both 
of these should depend on the primary source of power. They 
should not depend on the operation of any more machinery than 
is absolutely necessary. Lights will be required when every¬ 
thing else about a mining plant is closed down, and shop opera¬ 
tions will also be required when all other equipment is at a stand 
still. 

In conclusion I would say that for large mines the most 
practical power for the main supply would be three-phase sixty 
cycles at a' voltage high enough to reach all necessary points 
with a loss of not over ten per cent of the power delivered. This 
allows the use of a-c. motors and lights on the surface and also 
wherever they can be used to advantage under ground. Syn¬ 
chronous converters delivering 300 volts direct current can be 
installed on the surface and under ground, as best suits the con¬ 
ditions; and by their use the amount of copper required inside 
a mine can be kept at a minimum. 

If d-c. power is generated it is not economical and often not 
practical to install several small generating stations. The ob¬ 
taining of fuel and water often present difficulties. Therefore 
the d-c. power plant is generally located near the tipple. This 
means that power can be fed only one way to the mine. With 
substations located so as to feed power to the load in two di¬ 
rections, only about on6 fourth the copper is necessary for the 
same length of line and the same voltage drop. 

For small mines where locomotive haulage can not be used 
to advantage, alternating current may be used to advantage for 
mining machines and pumps. This is especially true if alternat¬ 
ing current is available from a central station. 



Presented at the Z 32 nd meeting of the American 
Institute of Electrical Engineers, New York, 
June 28, 1917. 
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A NEW ELECTRIC MINE HOIST AT BUTTE, MONTANA 


BY R. S. SAGE 


Abstract of Paper 

A description of equipment in connection with a recent 
Ilgner-Ward Leonard hoist installation at the Elni Orlu Min¬ 
ing Company, Butte, Montana. This installation is one of the 
two largest of this type in operation in this country. 

Complete data on two sets of tests; the first conducted to 
analyze a typical day^s run and the second to determine efficiency 
while hoisting under known conditions. 


General 

D uring the past year and a half, a period to be remembered 
for its tremendous industrial activity, extraordinary prog¬ 
ress was made in the field of mine electrification; and in par¬ 
ticular in the electrification of mine hoists of more than average 
capacity and importance, and for whose operation the highest 
type of electrical system was demanded. This progress extended 
to both the coal mining and the metal mining fields. 

Illustrative of the extent of this progress, it may be said that 
the number of Ward Leonard and Ilgner-Ward Leonard hoist 
equipments which will have been put into operation in this 
country during the two years of 1916 and 1917 will equal the 
total number operating prior to 1916, and the aggregate horse- 
power c 3 ,pcLcity will be 50 per cent greater. 

A recent Ilgner-Ward Leonard hoist installation of considerable 
interest is that at the mine of the Elm Orlu Mining Company 
at Butte, Montana. This equipment has been in regular pro¬ 
ductive operation since the first week of last February having 
been put into commission to replace an old steam hoist at that 
time. This type of hoist but recently made its appearance in 
the Butte district, and the present installations are but fore¬ 
runners of many electrifications which will undoubtedly be made 

in the near future. . . 

This equipment is of interest, first, because of its capacity, 
it being one of the two largest of this type in operation in this 
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country, and, second, because of its unusual smoothness of 
operation, simplicity and ease of control, it being so noted through¬ 
out the Butte camp. 

A series of tests under operatingl:onditions were carried out, 
the results of which, together with a description of the equip¬ 
ment are given herein. 

The hoisting equipment is installed in a very substantial brick 
building of one room, the motor-generator set with flywheel, the 
slip regulator and the switchboard occupying all of one end. 
Views of the hoist and motor and the power set are given in 
Figs. 1 and 2, The building is exceptionally well lighted, both 
by day and by night, and there is a particular absence of crowd¬ 
ing and congestion. Two 20-ton* hand-operated traveling cranes 
provide adequate capacity for the handling of the heaviest parts. 

Duty 


As is well known, for the driving of large high-speed shaft 
hoists, considerations of accuracy of control and safety of oper¬ 
ation necessitate the .use of equipments operating on the Ward- 
Leonard system. This system combined with a flywheel for 
load equalization, commonly known as the IIgner-Ward-Leonard 
system, is necessary wherever the conditions of power supply 
require it. In this instance, as for the majority of equipments 
of this character, flywheel equalization was imperative, as the 
reservation charge is based on the maximum instantaneous 
demand. For this reason, flywheel capacity was supplied suf¬ 
ficient to completely equalize the maximum duty cycle met in 
balanced hoisting from the deepest level. 

The shaft has been sunk to a depth of 1800 ft. (548.6 m.), 
and ore is being hoisted regularly from the 1100, 1200, 1300 
' 1400, 1500 and 1800-ft. (335.2 m. to 548.6 m.) levels. Ulti¬ 
mately, the ore will be taken from a seam 3500 ft. (1066 8 m ) 
below the surface. 


The general characteristics of the hoist 

Inclination of shaft with horizontal. 

Present maximum lift. 

Ultimate “ " _ 

Weight of skip and man cage. 

Weight of ore per trip.' . 

Weight of one rope (3500 ft.).. 

Maximum speed of skip during hoisting 

Diameter of cable. 

Weight of cable, per foot... . ' 

* One short ton = 0.9 metric ton. 


are as follows: 

90 deg. 

1800 ft. 

3500 ft. 

11,000 lb. (4989 kg.) 
10,000 lb. (4535 kg.) 
12,500 lb. (5669 kg.) 
2,500 ft. per min. 
1.5 in. (38.1 mm.) 
3.55 lb. (1.58 kg.) 
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Fig. 1—View of Hoist Motor 



YiG . 2—View of Flywheel 


Motor-Generator Set 
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Drums—cylindrical—double-clutched. 

Diameter of drums. ' jq (3 m 

WR^' of drums.3,600,000 lbs. ftV- 

. Maximum hourly tonnage (2000 lbs.) 3500, 

ft. level... 155 

Assumed mechanical efficiency. g 5 pgj. cent. 



Fig. 3—Calculated Hoist Duty Cycles 


The calculated cycles of duty for the various levels, upon 
which the capacity of the electrical equipment was based, are 
shown in Fig. 3. It is practically impossible to exactly predict 
the actual operating schedule in this class of service, but to 
insure continuity of service, the most important consideration 
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in installations of this kind, the first requisite is that the driving 
machinery have a safe margin of capacity. A heating guaran¬ 
tee of 40 deg. cent, rise for all parts of the electrical equipment 
was therefore made, for continuous operation, when hoisting 
the specified hourly tonnage from any level. The efficiency 
curves for the various machines are given in Fig. 4. 

The estimated limits of demand from the power supply for 
the various levels were as follows: 


1500 ft. level. 650 kw. 

2400 " 760 kw. 

3500 " 865 kw. 


1500 ft. level. 650 kw. 

2400 " 760 kw. 

3500 " 865 kw. 



100% 

75% 

50% 

25% 

f 

Per cent, of maximum hourly 
tonnage 

1500 ft. 

267 

200 

133 

67 , 

Hourly tonnage 


2.46 

2.58 

2.83 

3 57 

Kw-hr. per ton 

2400 ft. 

202 

152 

101 

50.5 

Hourly tonnage 

3.74 

3 89 

4.23 

5.07 

Kw-hr. per ton 

3500 ft. 

155 

116 

77.5 

38.7 

Hourly tonnage 


5.54 

5.75 

6.17 

7.45 

Kw-hr. per ton 


The estimated overall efficiencies corresponding to the maxi¬ 
mum hourly tonnages are as follows:— 


1500 ft. level—overall efficiency 
2400 '' — « « 

3500 '' “ — « « 


46.2 per cent 

48.3 per cent 
47.7 per cent 


The hoist is also used for practically all of the hoisting of an 
unproductive character, such as handling waste, men, timbers 
and supplies, and the hoisting of ore is done simultaneously 
with this sort of work. 

The overall efficiency at which the ore is hoisted, that is, the 
ratio of the net work done in lifting a day’s output of ore, to 
the kilowatt hours of electric energy used per day, is therefore 
much less than the figures given above. The mine is still in 
the development stage so that the unproductive work is a large 
proportion of the total required of the hoist. 

At the present time the slip regulator is adjusted so as to 
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l imi t, the demand to 400 kw., as this is sufficient for the present 
depths, and the present manner of hoisting. 

Description 

The hoist consists of two steel-plate drums 10 ft., in diameter, 
grooved to hold 1900 ft. (579.1 m.) of 1.5-in. (38.1 mm.) steel 
cable per layer. The drums are mounted between three bear¬ 
ings, on a single shaft which has an extreme length of 40 ft. 
(12.1 m.). Each drum is provided with an axial-plate-type 
clutch and a parallel-motion post brake. The diameter of the 



Fig. 4—Efficiency Curves 

brake tread is 14 ft. (4.3 m.). The post brakes are made of 
structural shapes and steel plate to form a box girder. The 
brakes are released and the clutches operated by means of oil 
through cylinders with floating-level control, served by an oil 
accumulator in connection with a motor-driven triplex oil pump. 
4 two-horse-power motor supplies all the power required for the 
brake and clutch engines. The weights by which the brakes 
are set are in the form of cylinders moving vertically in guides 
formed by part of the brake engine. In addition to the regu¬ 
lation dial-type depth indicators, the drum flanges are extended 
to provide a surface for spotting marks. 
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The bearings are all of the two-part’type provided with gravity 
feed lubrication, in addition to oil rings. Sight-feed oil guages 
are provided for all the bearings. 

To the drum shaft is coupled an 1800-h.p., 80-rev. per min., 
525-volt, d-c. motor, front and side elevations of which are shown 
in Fig. 5. The motor is supplied with two bearings, and sole 
plates; the armature shaft is 14 in. (36 cm.) in diameter in bearing 
by 11 ft. 5 in. (3.4 m.) long, and has a forged half-coupling for 
connection to a corresponding half-coupling on the drum shaft. 
The armature is 9.5 ft (2.8 m.) in diameter, while the outside 
diameter of the magnet frame is 14 ft. 5 in. (4.3 m.). The motor 
has 16 main field poles, the coils being wound for 125-volt ex¬ 
citation, and has commutating poles to insure good commutation 



at the heavy overloads encountered in the service. The bearings 
in addition to being ring oiled, receive lubrication from the 
gravity feed oiling system. The extreme length of the hoist, 
with motor, is 51 ft. 9 in. (15.7 m.) 

The motor receives its power through a set, consisting of a 
generator driven by an induction motor, and a direct-coupled 
flywheel and exciter, shown in outline in Fig. 6. 

The generator has a continuous capacity of 1300 kw., at 525 
volts, and in order to successfully commutate the heavy currents 
at the low voltages, it is equipped with commutating poles, and, 
in addition, a compensating winding is placed in the pole faces 
of each of the 12 main poles. As in the case of the hoist motor, 
the main-field excitation is at 125 volts. 
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The induction motor is rated 1150 h.p., 3 phase, 60 cycles, 
2200 volts, and has a synchronous speed of 514 rev. per min. 
It is of the wound-rotor type, with collectors for connection to 
the automatic slip regulator. 

The flywheel is built up of thick rolled steel plates, 11 ft. 10 
in. (3.6 m.) in diameter, so that the peripheral|speed at syn¬ 
chronism is 19,100 feet (5.8 km.) per minute. The width of 



face is 20.5 iii. (52 cm.) making the total lbs (^41^ 

kg.) exclusive of shaft. The plates are securely riveted togethe 
bv steel rivets. The wheel is mounted between two beariiigs, 
and coupled to the generator by a Francke-type flexible cou^ing. 
A special grade of hard babbitt is used m the supporting bear- 
i„gs L^rioation is afforded both by means of a low-pressme 
oil pump geared to the shaft supplemented by ring oiling. The 
geared pump begins to supply the bearings with oil practically 
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as soon as the'wheel turns over. The oil reservoir is sunk below 
the floor line at the end of the flywheel bearing, and contains 
coils for the circulation of cooling water. 

In order to reduce the demand on the power system, when 
starting the set, a small motor-driven, high-pressure oil pump is 
provided to supply oil pressure under the bearings, this pump 
being put into operation only when required for this purpose. 
With this starting pump in operation, the set and wheel started 
from rest with 80 per cent of full-load current from the power 
system. , ■ 

A close fitting steel-plate cover is provided for the wheel 
above the floor line, the pit in the foundation virtually forming 
the lower portion of the enclosing casing. 

The exciter armature is mounted on an extension of the in¬ 
duction motor shaft, the field frame being bolted to an extension 
of the base. The exciter has a continuous rating of 21 kw., at 
125 volts. 

A cast-iron base is provided under the induction motor and 
generator and sole plates under the flywheel bearings. The 
foundation under the various units is of re-inforced concrete 
extending down to the bed rock, insuring stability of alignment. 

Control 

The hoist-motor speed and direction of rotation are controlled 
by varying the strength and reversing the polarity of the gener¬ 
ator field. The field rheostat is provided with a large number 
of points giving a corresponding large number of speeds in both 
directions. Between the motor and generator there is inserted 
an overload circuit breaker and a single-pole line switch. 

In the design and installation of the entire equipment, care¬ 
ful consideration was given to the matter of-safety of opemtion, 
with the result that the effects due to carelessness on the part 
of the operators are obviated and protection to the men and 
apparatus is provided in almost every emergency. 

The arrangement of the control levers is extremely simple, 
there being but one power lever, a forward movement corres¬ 
ponding to one direction of rotation and a backward movement, 
the reverse. This lever with the two brake levers, one on either 
side, completes the lever group. The clutches are operated by 
a throw, either in or out, of a crank through an arc of 180 deg. 

A center-zero d-c. ammeter and voltmeter are mounted in the 
line of vision with the depth indicators. 
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A Welch safety device compels slowing down at the proper 
r-ate and provides protection against overwinding and overspeed¬ 
ing. As an additional protection, limit switches actuated by 
the skips themselves are installed in the guides. These switches, 
as well as the Welch device, cause the d-c. circuit breaker to 
open, in addition'to setting the hoist brakes. In general, any 
emergency which will cause the d-c. circuit breaker to open will 
cause the brakes to’ be applied. The d-c. circuit breaker will 
open under any of the following emergencies: 

(a) Extreme d-c. overload 

(b) Overwind top or bottom 

(c) Loss of exciter voltage 

(d) Loss of motor-field excitation 

(e) Overspeed of hoist 

(f) Overspeed of motor-generator set. 

The opening of the main line a-c. oil circuit breaker will not 
open the d-c. circuit breaker, nor set the hoist brakes, but the 
operator is free to continue hoisting as long as the stored energy 
in the flywheel will permit. The opening of the line switch is 
indicated in the usual manner by the ringing of a bell. When the 
d-c. circuit breaker has been opened under any of the above men¬ 
tioned emergencies, and an application of the brakes made, the 
brakes cannot be released until the controller lever has first 

been returned to the central position. ^ v • V 

After an overwind has occurred, it is necessary for the ho^t, 
operator to throw a small switch before power can again be 
applied to the motor and motion is possible only in the lowering 


direction. , -u 

The total energy in the flywheel at 94 per cent s^mchrono 
speed is 117.000 h.p-sec. of which approximately 50 per cent 
is available for operating the hoist in the event the set was 
disconnected from the power supply, the limitation being the 
speed at which the d-c. exciter is no longer 
voltage. If required, a complete trip with a fully loaded skip 
could be made from a depth of 1500 ft. (457^ m.) o^hj OT 
of the flywheel, and a load of men could be hoisted from 


‘"‘Stir'-out of balance" can be carried on without eaneing 
eacessiwe speed reduction of the set not necessrtat.ng a higher 

limit of demand from the power supply. 

The liquid slip regulator used with this equipment is worthy 

of sp:ci.rmen.;on,ls being a decided departure u. unportant 
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details from the heretofore generally accepted design. In the 
latter, it was necessary to make a water-tight joint between the 
tile or porcelain vessels, and the cooling tank, and also between 
the tile and the electrodes, clamping rings or draw bolts being 
used for this purpose. In many instances, this construction in 
connection with temperature changes resulted in broken tiles, 
causing much annoyance. 



Fig. 7—Automatic Slip Regulator—Cross Section 


In the present design, a sectional end view of which is shown 
in Fig. 7, the tiles are simply placed upon a rubber mat on the 
steel bottom of the tank, the only water-tight joint being that 
between the lower electrodes and the bottom of the tank. Only 
enough pressure is applied on the tile by the holding down bolts 
to hold it in place, the purpose of the tiles being merely to serve 
as barriers to prevent leakage between phases. Common sewer 
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tiles are used for the purpose. The value of the input limit is 
adjusted in the usual manner by varying the number of the 
counterbalancing weights. 


Tests 

The first set of tests was for the purpose of analyzing a typical 
day’s run under ordinary conditions, as regards its relation to 
the electrical equipment. 

In the second test, measurements were made of the electrical 
quantities for a few trips, to determine, if possible, the efficiency 
while hoisting under known conditions. 

In conducting the tests, the following measuring instruments 
were used: 

Curve-drawing a-c. wattmeter—30 in. feed per hour. 

Graphic recording a-c. ammeter. 

d-c. ammeter. 

Indicating liquid column tachometer. ■’ 

Graphic recording d-c. voltmeter. 

Karlic tachograph. 

Indicating a-c. wattmeter. 

“ a-c. voltmeter. 

" a-c. ammeter. 

Integrating polyphase watthour meter. 

First Test. A log was kept of all the movements of the hoist 
from 7:00 a.m. to 7:00 p.m., recording the time, the nature of 
all trips, quantity of ore, etc. The only instruments in use 
were the a-c. recording watmeter—30 inches feed per hour, 
Karlic tachograph and integrating watthour meter. 

As mentioned in the preceding paragraphs, there are no 
special designated periods of the day during which the hoist is 
used exclusively for the hoisting of ore, but this is carried on 
simultaneously with the unproductive work, as the conveying 
of timber, men and supplies. Moreover, the hoisting is of such 
an intermittent nature, that a straight line input to the motor- 
generator set is not even approjcimated, even at the low limit 
of 400 kw. Storage or bins are under construction, but were 
not in operation at the time of the tests. To illustrate the 
character of the load, a portion of a typical day’s load chart is 
shown in Fig. 8. This curve is reproduced from one of the 
daily records from the 3 in. per hour curve-drawing wattmeter 
included with the switchboard equipment. 
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The results of this test are given below. 

Duration of test.. 12 hours. 

Actual time hoist in motion. 3.5 hours. 

Total number of trips made. 280 

Number of skips of ore hoisted. 63 

Percentage ore trips of total. 22.5 per cent. 

Total weight of ore hoisted. 252.5 tons 

Average weight of ore per skip. 4.01 tons 

Average lift of ore. 1428 ft. (435.2 m.) 

Net work done on ore-total. 272 kw-hr. 

“ per trip. 4.32 kw-hr. 

“ “ “ « "ton . 1.08 “ 

Kw-hr. energy used during day. 1500 kw-hr. 

Total kw-hr. energy used, including non-pro¬ 
ductive work per ton ore hoisted. 5.94 kw-hr. 
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Fig. 8— Load Diagram of A-C. Input 


Kw-hr. used while hoist at rest. 680 kw-hr. 

“ “ '' “ hoisting ore. 582 “ “ 

“ “ returned to power system.:. 14.6 kw-hr. 

Overall efficiency while hoisting ore. 46.7 per cent. 


The trips with ore were divided among the levels as follows: 


Level 

No. Trips 

Actual Lift 

1000 ft. (304.8 m.) 

6 

1068.5 ft. (325.6 m.) 

1100 “ 

3 

1170.0 

1200 « ; 

3 

1271.2 " 

1300 " 

20 

1372.5 “ 

1400 " 

7 

1473.5 “ 

1500 “ 

22 

1574.5 " 

1800 “ (548.6 m.) 

2 

1915.2 (583.7 m.) 


The weight of ore hoisted was obtained by observing the number 
of cars dumped into each skip and using an average weight per car ob¬ 
tained from a large number of cars. 
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The calculated net work done in lifting the ore is subject to 
some error, inasmuch as during about 25 per cent of the trips 
timber or men were lowered in counterbalance with the ore. On 
the other hand, men were hoisted with the ore during about 
20 per cent of the trips. 

During about 50 per cent of the trips with ore, at least one 
stop was made between the loading level and the dump, there 
being a maximum number of six such stops. The total kilowatt 
hours used was obtained from readings taken on the watthour 
meter at the beginning and end of the test. 

The energy used during the ore trips was obtained from the 
record made by the 30 in. per hour curve-drawing wattmeter 
with the aid of a rolling planimeter. The energy returned to 
the system was obtained in the same manner. 

The time during which the hoist stood at rest was taken from 
the tachograph record. 

Second Test In order to secure as rapid hoisting as possible, 
there was accumulated at the 1500-foot level, 30 cars of ore 
making possible 5 consecutive trips, as fast as the skips could 
be loaded. 

Continuous records were made on the graphic meters of the 
d-c. voltage and current and of the a-c. current. A time marker 
marked every second on all of the records, simultaneously. The 
speed of the motor-generator set was read at frequent intervals 
and telegraphed to one of the graphic records at the instant of 
reading, a record of the consecutive readings being kept which 
was later transferred to the graphic record. The speed of the 
hoist motor was taken from the tachograph record and the 30 in. 
per hour recording wattmeter supplied a record of the power 
delivered to the motor-generator set. 

Fig. 9 is a consolidation of all of the records and readings 
taken for the five consecutive trips. 

By combining the two d-c. graphic records, the d-c. power 

curves were obtained. 

The following conditions pertain to this test. 


Hoisting done in balance 

Duration of test. 

Lift. 

Number of skips hoisted. 
Weight of ore hoisted.... 
Average weight per skip. 
Net work done—total... 
Average time per trip. .. 


565 seconds 
1574.5 ft. (479.9 m.). 
5 

20.3 tons 
4.06 tons 
24.1 kw. hr. 

113 sec. 
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Actual running time total. 310 “ 

“ av. per trip. 62 

Time at rest-total. 255 “ 

" " average per trip. 51 “ 

Average time for acceleration. 22 “ 

Average time for running at full speed. 15.5 “ 

Average time for retardation. 24.5 " 

Average rope speed. 1525 ft. per min. 

Max. « “ .2580 “ “ “ 

Average speed of M-G. set. 486 r.p.m. 

Hoist motor input (exclusive shunt field)... 32.64 kw-hr. 

“ “ output.:. 28.2 “ 

Mechanical efficiency of hoist. 83 per cent. 

Energy input to M-G. set total. 50.5 kW-hr. 

Kw-hr. per ton. 2.49 

Overall efficiency. 47.7% 


The energy dissipated in the various parts of the equipment 
was found to be as given in the table below. 



Per cent, of net 

Losses in mechanical parts of 

Kw-hr. 

work 

hoist, sheaves, guides, etc.. .. 

4.1 

17.0 

Hoist motor losses. 

6.25 

25.9 

Generator losses. 

5.53 

22.9 

Induction motor losses. 

3.99 

16.6 

Flywheel losses. 

4.08 

17.0 

Slip regulator losses. 

2.12 

8.8 

Exciter losses. 

0.39 

1.6 

Total losses. 

Net work done on ore. 

26.46 . 

24.1 

109.8 per cent, 

Total energy consumed. 

Overall efficiency. 

50.56 kw-hr. 
47.66 per cent. 



The hoist motor input was measured directly, and the output was 
obtained by deducting the losses which were based on factory test results. 

The power input to the motor-generator set when running 
light as measured by the 30 in. per hour curve-drawing watt¬ 
meter, and checked by the indicating wattmeter was 80 kw. at 
512 rev. per min. For the average speed of the set during the 
test this was taken at 78 kw. 

The segregation of the losses in the set was made from results 
of tests made in the factory. The running light input to the 
set includes: 

Flywheel bearing friction and windage 
Generator ‘‘ " " « 

Ind. motor “ " " " 

“ “ core loss and running light copper loss. 

Hoist motor shunt field (with economy resistance in series) 

Exciter loss with load of motor field. 
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The same total loss in the equipment is obtained by adding to the 
running-light loss of the set, the increase in losses while under load, these 
being readily calculated. On this basis, the result is as follows; 


Motor shunt field (increase). 0.248 kw-hr. 

Ind. motor copper loss (increase). 0.223 “ ‘‘ 

Exciter loss (increase). 0.060 “ 

Generator losses (excl. fric. & w'd’ge). 3.019 

Motor losses (excl. shunt field). 4.440 “ “ 

Regulator losses. 2.120 “ “ 

Running light loss of set. 12.250 “ “ 

Friction in mech. parts of hoist. 4.1 “ 


Total. 26.460 



An item not included in the above segregation consisting of 
approximately 0.25 kw-hr., used in operating the accumulator 
oil pump and the brake solenoids is also included in the running 

light input. oi 1 1 , 

The total energy accounted for is therefore 50.81 kw-hr., as 


against 50.5 shown by the wattmeter. . , , . 

The energy output of the generator, as obtained from the -c. 
power curves by the aid of a rolling planimeter was 32.64 1^- 
hr and the input 38.17 kw-hr. The input to the generator 
was at the rate of 243 kw., so that during the taps, approxi- 
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mately 27.5 kw-hr., were required from the flywheel. The 
average speed reduction of the set during hoisting was 10.6 
per cent on the basis of which, the energy given up during the 
• five cycles was 96,500 kw-sec. or 26.8 kw-hr., which checks 
fairly well with the figure given above. 

In general, the test results check very well with the estimated 
performance. The friction losses in the hoist, sheaves, rope and 
guides proved unexpectedly low, but the shaft guides are in 
very good repair, and the cage rides almost as smoothly.as a 
passenger elevator. Also, the hoist drums run true and with no 
interference with the brake shoe blocks; the head sheaves and 
idlers are well lubricated and easy running. 

The efficiency of hoisting exceeded that anticipated, even 
with the light loads, the load per skip being but 80 per cent of 
that considered normal. With heavier loads, as when hoisting 
high grade copper ore, the efficiency would he further increased. 
Hoisting was done at slightly less than 50 per cent of the max¬ 
imum rate for this level and the power consumption was 2.49 
kw-hr. per ton as compared with 2.83 kw-hr., expected. 

The tendency should be for the efficiency to increase at the 
greater depths, the maximum probably being reached at the 
intermediate levels. 

The time for retardation is considerably longer than that used 
in calculating the duty cycles, and is the result of the rather 
close setting of the Welch safety device. At present there is no 
particular reason for rapid hoisting, and the management being 
inclined to a policy of safety, require the slower rate of retardation. 
A reduction in the retardation period would further tend to a 
betterment of the efficiency of hoisting. 

The standby losses are considered particularly low, for an 
equipment of this capacity. 

It is believed that by decreasing the loading time so as to 
obtain a more uniform input to the power set, decreasing the 
retardation period and bringing the load up to normal, the 
hoisting efficiency of this outfit will reach 50 per cent at this 
level. 

It is believed that the results of these tests give fairly accurate 
information as to the operating characteristics of the hoist at 
Elm Orlu, and indicate, in general, the results to be expected 
of the performance of other Ilgner equipments in similar service. 
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APPENDIX 

Supplementary tests of the same nature as those referred to as 
Second Tests on page 667 were made when hoisting from the ore 
pockets subsequently installed at the 1500 ft. level. 

During these tests twelve skips were hoisted from the bins or 
pockets, the time of loading averaging 27.3 seconds against 51 
seconds during the previous test. The higher overall efficiency 
obtained, namely 50.2 per cent, is due to the decreased standby 
loss as a result of the decreased loading time. 

It will be noted that the total lift was increased 43.5 ft. when 
hoisting from the ore pockets, thereby increasing slightly the 
work done per,trip. 

The conditions pertaining to these subsequent tests and the 
results observed therefrom are as follows: 


Duration of test. 1,081 sec. 

Lift. 1,618 ft. 

Number of ships hoisted. 12 

Weight of ore hoisted. 97,400 lbs. 

Average weight per skip. 4.06 tons 

Net work done—total. 59.38 kw-hr. 

Average time per trip. 90 sec. 

Actual running time—total. 754 sec. 

Actual running time, av. per trip. 62.8 sec. 

Time at rest—total..-. 327 sec. 

Time at rest, av. per trip. 27.3 sec. 

Average time for acceleration. 21.8 sec. 

Average time running at full speed. 17.0 sec. 

Average time for retardation. 24.1 sec. 

Average rope speed. 1,545 ft. per min. 

Maximum rope speed.,. 2,550 ft. per min. 

Average speed of M-g set. 481 rev. per min. 

Hoist motor output. 70.7 kw-hr. 

Hoist motor input (exclusive shunt field).... 81.5 kw-hr. 

Mechanical efficiency of hoist. 81 per cent 

Energy input to M-g set—total. 118 kw-hr. 

Kw-hr. per ton hoisted. 2. 425 

Overall efficiency. 50.3 per cent 
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Discussion on “Forms of Electric Power Best vSuited for 
THE Various Loads Encountered in the Operation 
OF Bituminous Coal Mines’' (Kingsland) and “A New 
Electric Mine Hoist at Butte, Montana” (vSage), 
New York, June 28, 1917. 

A. S. McAllister: Has the electricity-operated chain-cutter 
superseded the air punching machine in the cutting of coal? 

R. L. Kingsland: It is hard to answer that question in a 
particular and comprehensive way. I think, to a large extent, 
the electric chain machine has superseded the air puncher, 
but at the same time, air punchers are being installed in new 
operations. It is my opinion however, that they are being in¬ 
stalled in a very much smaller percentage of new operations 
than electrically-driven chain machines. 

K. A. Pauly: I want to rather caution beginners, at least, 
from giving undue importance to the question of the cost of 
feeder copper. Mr. Kingsland discusses this question, but I 
think leaves it in such a way that the inexperienced engineer 
might unduly emphasize the importance of keeping down his 
main or feeder copper. It must be borne in mind that by the 
use ^of alternating-current apparatus whenever possible, we 
eliminate the stand-by losses of the converting apparatus, and, 
especially where the load is an intermittent one, these losses may 
become a very considerable percentage of the total power 
consumed in performing the work. On the other hand, the 
money invested in feeder copper affects the operating cost only 
by the fixed charges, and as the salvage on copper is so very 
high, the use of plenty of feeder copper usually results in 
lowering the operating costs. 

Another point brought out, and which I want to emphasize,' 
is the question of the use of high voltages in mines. There used 
to be an idea prevalent among, I might say, the laymen that no 
high voltages should be taken into the mine at all. Of course, 
the contrary is the case. Unquestionably, voltages in contact 
with which the operators may come, if they do not exercise more 
than ordinary care, should be kept low, but there are a great 
many installations, such as Mr. Kingsland mentions, of hoists 
and pumps which may just as well be fed at a high voltage, 
and if properly installed will be quite as safe as if a low voltage 
IS used. 

Kingsland discusses the torque characteristics of shunt 
motors. Here again, I wish to caution against the wrong inter¬ 
pretation of what he says. 

In his example he assumes the voltage reduced to one-half, 
presumably due to a high feeder drop, which drop should not 
be present if the mine is going to operate economically. If the 
drop is limited to 10 per cent or 15 per cent, the saturation of the 
considerably reduces this drop in the torque so that the 
sh^t motor really shows up more favorably than is indicated. 

With reference to the variable-speed drive of mine fans, I simply 
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want to call attention to a type of alternating-current com¬ 
mutator motor which has been tried out sufficiently long to 
warrant claiming for it entire satisfaction, in fact, this is shown 
by repeated orders from the companies which originally installed 
them. We have recently brought through our testing room 
one of these motors which commutates at 100 per cent overload 
as well as any direct-current machine, in fact, the commutation 
being absolutely blank. 

C. A. Adams: That is a polyphase motor? 

K. A. Pauly: Yes. Of course, where constant speed is required, 
there is nothing better than the induction motor. I would like 
to ask, whether Mr. Kingsland has experienced any difficulty with 
squirrel-cage motors due to the belt being thrown ofE when they 
pass through the peak-torque point? Several cases have come to 
our attention where that has been the case, and we have been 
rather inclined to favor the polar-wound rotor for this reason, since 
it admits of getting up to full speed without passing through 
this excessive torque point. 

There is* one point in Mr. 'Sage’s paper to which I wish to 
especially call your attention—the close agreement between 
expected and actual results. 

If you will look at the curves of Fig. 3 which were calculated, 
and the curves of Fig. 9, you will note that the kilowatts direct 
current from the test are approximately 1900, perhaps 1850 as an 
average. Changing this to horse power, and correcting for the 
loss in the motor, the curves given in Fig. 3 being motor-output 
curves and those of Fig. 9 being motor-input curves, yoii will 
find that the test results show the power required at the peak of 
acceleration to be approximately 2350 h. p., while the calculated 
figures are approximately 2600 h. p. for this level. You will note 
by examining the test curves also that the period of acceleration 
is slightly longer than that assumed in making the calculations, 
which in part accounts for the difference. 

How often we hear it said that this or that thing is all right in 
theory, but it will not work out in practise? Now, the trouble 
in such cases is usually not with the theory or the practise, but 
due largely or wholly to a failure on the part of the would-be 
prophet to include in his analysis of the problem all the factors 
affecting it. 

Claims of absurdly high operating efficiencies and correspond¬ 
ingly low power consumptions have frequently come to my atten¬ 
tion, in fact, in one instance an operator apologized for the size 
of his flywheel because it would not take the peak without too 
greatly'reducing the speed of the generator, when in reality the 
trouble was due to an underestimation of the power required for 
making the trip. 

Like every other problem of a similar nature, the calculation 
of the power required to perform a given hoisting cycle is made 
up of two factors; first, an accurate determination of the useful 
work to be performed, and second, the determination of the losses 
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in the several pieces of machinery used. The calculation of the 
useful work in hoisting, as is frequently the case in problems of 
this kind, is comparatively simple and capable of great accuracy. 
The determination of the losses is not so simple, but even those 
with the electrically-driven hoist do not present ^ any serious 
difficulties, if care commensurate with the problem is taken. In 
fact, we can limit the troublesome factors in the summation of 
the losses to two, namely, the losses beyond the drum and the 
friction and windage of the flywheel of the motor generator. 

As the former varies widely in different localities and from 
time to time in the same shaft, due to movements of the rock 
through which the shaft passes, the power consumption should 
be based on as careful and accurate estimate of the efficiency of 
the mechanical hoist as can be made and this stated in giving 
estimated power consumptions. 

So much test data are now available on which to base an 
estimate of the friction and windage of the flywheel that there is 
little excuse to miss this loss by any considerable percentage, 
certainly not enough to materially affect the power'consumed 
per trip, a figure usually used in comparing different system 
equipments. 

I have discussed this point rather at length, because power 
consumption is one of the very important factors influencing 
the choice of a system or equipment for meeting the conditions 
obtaining at any particular mine, and it is important that prac¬ 
tical mining men should appreciate that our thorough knowledge 
of the characteristics of electrical machinery make it possible 
to predetermine power consumption very accurately. I think 
you will all agree with me that a careful study of this paper will 
convince the most skeptical engineer of the possibility of the 
accuracy of predetermined power consumptions for mine hoists, 
and I might say, although this is hardly necessary under the 
present ^tate of the art, should convince him of the high econ¬ 
omies possible with the electric hoist. 

H. H. Clark: I agree with Mr. Pauly that the use of high 
voltage in coal mines is relatively safe, because of the fact that 
it is acknowledged to be dangerous, and consequently adequate 
safeguards are used, safeguards that are more adequate, I believe, 
than those applying to lower voltages, such as 300 and 650. The high 
voltage is usually brought in through three-phase cables, which 
are adequately insulated and protected and properly supported 
and shielded from injury, and are used for stationary apparatus, 
whereas the other voltages, the lower voltages, are used for port¬ 
able apparatus, often times, and there the current is carried in 
and distributed over bare wires. 

The introdu tion of hi h-voltage circuits brings up the prob¬ 
lem of how they shall be taken into the mine, and frequently 
that is done through bore-holes, and I want to ask Mr. Kings- 
land his idea as to how cables in bore holes should be suspended. 
If I am correct, the depth of the bore holes in coal mines is com- 
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paratively small, from 150 feet to say 350 feet, so that the 
problem of suspending the three-phase cable is not as difficult 
as if the bore hole were of a greater depth. I should like to ask 
him the depths of the bore holes that he refers to in his paper, 
and also I would like to ask how the lead-armored cables are 
supported. If a cable is leaded, it adds materially to the weight 
that it is necessary to support, and the lead will not be self-sup¬ 
porting in any considerable degree. 

I also ask Mr. Kingsland what he would think of using 30 per 
cent Para .rubber for insulation, really, good 30 per cent Para 
rubber, without the use of armor and lead? It would seem to 
me that by using this 30 per cent rubber he could eliminate the 
armoring and lead and thus simplify the problem of the cable 
support. 

E. H. Martindale: There is one point I would like to mention 
in the discussion of Mr. Kingsland’s paper, and that is the under¬ 
cutting of mica on commutators, because it has a bearing on the 
mainten nee costs and reliability of service. I do not believe that 
the practise of using under-cut commutators on mine loco¬ 
motives and mining machines has developed as rapidly as war¬ 
ranted by the resul s obtained by those companies that have 
adopted the practise. Probably that is largely due to fear of 
short circuits between commutator bars on account of coal dust. 

There are two very reliable methods for overcoming this— 
either painting the slots ’after under-cutting with an air-drying 
insulating varnish or filling the slots with a commutator cement. 
In the ease of the ordinary U-shaped slot left by the milling saws 
either the commutator cement or the insulating varnish i satis¬ 
factory. With the V-shaped slo , such as is left by a commutator 
slotting file, the cement cannot be used, as it will not adhere 
properly to the slot. Personally, I favor the V-shaped ; lot be¬ 
cause it leaves a very clean smooth slot, and’leaves mica to pro¬ 
tect the bars except at the very surface. In the U-shaped slot, 
on the other hand, the mica is cut from between the bars, leaving 
the bars exposed inside of the vslot. Moreover the mica is torn, 
leaving holes in which dust is more apt to collect.' 

, I would like to ask Mr. Kingsland what his experience has been 
with under-cutting commutators. 

R. L. Kingsland: Mr. Martindale referred to undercutting 
commutators. We have tried this, in fact, in haulage locomotives 
we have had a good many under-cut commutators direct from 
the manufacturers which have given us a great deal of trouble. 
The principle seems to have been carried out in railway practise, 
and has proven highly successful, but in mining work, where it is 
necessary to work at lower speeds, the centrifugal action does not 
seem to free the slots of the undercut commutator from the 
collection of coal dust, oil and carbon to anywhere near the 
extent that it does in railway work, so that with the use of a 
milling machine for under-cutting we found the practise very 
unsatisfactory. We have done quite a little slotting with a 
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three-cornered file, which has gotten us aw y from a great deal 
of the trouble. 

The point brought up, of using an insulating varnish in the 
slots is a new one to me, and I have not considered it at all, but 
think it sounds very interesting. I would ask if Mr. Martindale 
has tried this out, and whether he would recommend an ordinary 
commercial air-drying varnish or any special varnish for that 
purpose? 

E. H. Martindale: I know of two or three companies which 
have tried out the air-drying varnish, and it has proven very 
successful. I think the only precaution necessary is to get an 
insulating varnish which will dry so hard that when the com¬ 
mutator is cleaned afterward with a commutator stone, or sand¬ 
paper, the varnish will not gum. Such varnish can be secured, 
and it is a very easy matter to clean the surface of the commuta¬ 
tor afterward. In the V-shaped slot there is the further advan¬ 
tage, that at the low speeds of mine locomotives the dust will fly 
out quite easily. 

R. S. Sage: Does Mr. Kingsland in applying induction motors 
to his drives, such as pumps, fans and tipple machinery, have 
any line at which he departs from the use of squirrel-cage motors 
and goes to the use of the wound-rotor type of motor. Does he 
set the limit at any particular horsepower? If not, what deter¬ 
mines its selection? 

R. L. Kingsland: In selecting motors, my preference has al¬ 
ways been for the squirrel-cage type of motor, if it is possible to 
use it at all,^ and I have found that simplicity and ruggedness are 
the two things we cannot afford to sacrifice in mining work. 
Therefore, it is not a question of capacity, it is merely a question 
of the characteristics of the load, in deciding whether we would 
use the squirrel-cage or wound-rotor type of motor. 

R. S, Sage: I had in mind the starting conditions determined 
by the capacity of the motor, 

R. L. Kingsland : In the starting condition we never found that 
the peak load was serious enough to affect our power supply, and 
therefore it is merely a question of the application of the inotor 
as having sufficient starting torque to start the load it is to drive. 
If we can do it with a squirrel-cage induction motor, we do. 

C. M. Means (Abstracted by H. H. Clark): The paper as 
presented by Mr. Kingsland is a step in the right direction and 
touches on a field that has not received the intensive study that 
has been accorded many other lines of electrical engineering of 
relatively less importance. Considering the item of ventilation 
it appears to me that this phase could have been very materially 
elaborated, upon because of the importance of proper ventilation 
in ccml mines. The general trend throughout the bituminous 
coal fields is for more and better ventilation. Very many of the 
large mines require fan motors of capacities from 100 to 500 h. p 
When the requirements of a mine are such as to demand the use 
of a large amount of power for ventilating purposes, it is impor- 
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tant that this feature be studied very carefully. In many in¬ 
stances we find that the energy used for supplying ventilation 
equals or exceeds all other requirements for power in and about 
the mine. The energy required to operate a ventilating fan 
varies approximately as the cube of the speed. A motor that will 
allow speed reduction during such times as the mine is not in 
active operation will very materially lessen the amount of power 
required for ventilation. Inasmuch as nearly all large capacity 
fans are driven with alternating-current motors, the wound- 
rotor type will result in a very material saving in power even 
though considerable current is used up in heating r sistance 
when operating at the reduced speed. When you consider that 
the average coal mine operates only eight hours per day and for 
something like 200 to 250 days per year, the saving becau'e of 
reduced fan speeds is apparent. Several types of motors suitable 
for the operation of ventilating fans have been developed that 
show a relative high efficiency during the period when minimum 
air requirements exist. The two-speed motor is a very desirable 
scheme in the small sizes, but in general is not satisfactory for the 
larger installations because of the constantly changing conditions 
unde ground that affect the quantity and pressure of air required 
to properly ventilate the mine. 

I fully agree with the author that a motor-generator set or 
synchronous converter will furnish equally satisfactory service 
under average conditions. Inasmuch as these sets can be located 
centrally with respect to load, the over-compounding of the 
motor-driven generator has little value. There are a few cases 
however, where there is a decided advantage in applying one or 
the other system, for the conversion of alternating current to 
direct current. In case it is desired to regulate power factor, the 
motor-generator set affords the proper solution with the use of a 
separate exciter and regulator. Where the charge for electrical 
energy is based on the kv-a. demand, the saving occasioned by 
the corrective characteristics of a motor-generator set may more 
than compensate for the inherent losses of the set by reducing the 
demand. 

A..B. Kiser (Abstracted by H. H. Clark): In the near future 
most of the power that will be available in our coal fields will be 
in the form of alternating current, because coal companies during 
the past five years have awakened to the advisability of purchas¬ 
ing their power or of building comparatively large central stations 
of their own. In either case the power will be generated as alter¬ 
nating current. 

The frequency available will, of course, be determined by the 
power companies and will probably be 60 cycles, since the power 
is primarily generated for lighting and industrial purposes. 
Recent developments, however, have made it possible to operate 
60-cycle apparatus as satisfactorily as 25-cycle apparatus. 

I question whether the statement as regards low voltage com¬ 
ing into more general favor can be verified in Pennsylvania. 
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Small individual operators working with a limited field may be 
making use of low voltage but the larger operators whose fields 
are more extensive are extending the use of medium voltage. 

I note Mr, Kingsland favors the use of either d-c. or 3-phase, 
60-cycle a-c. power at 330 volts or less for portable machines. 
,330 volts alternating current effective would at a maximum be 
necessarily classified as medium voltage. 

The flexibility of variable speed d-c. motors has noi as yet 
been approached by the a-c. motor. I say this having in mind 
every available speed-regulating device applicable to a-c. motors, 
slip-ring motors, bmsh-shifting motors, regulating sets and two- 
speed motors. 

To my mind the use of belting has been proven the most 
satisfactory and reliable drive for mine fans. The modern 
high-speed fan, however, is entirely free from the disagreeable 
cut-off blows of the old style fan. With large motor-driven fans 
the necessity of operating large mine fans at reduced speed on 
idle days and at night could not be taken care of by the changing 
of pulleys. 

As regards the elimination of commutators with attendant 
troubles I would state that I have seen motors in sizes from 
100 h.p. to 250 h.p. where the commutation required less atten¬ 
tion and concern than the observation of air-gap clearance would 
require in induction motors of the same size. 

I believe that, a drop of 10 per cent when using high-voltage 
.alternating current is entirely too high. I am not in favor of the 
installation of substatipn equipment underground where it is 
possible to keep same above the ground. I cannot agree with the 
writer as regards the use of. synchronous convertors for mine 
operation. The fact that Mr. Kingsland has control of the power 
plants, transmission lines and the various loads as applied has 
considerable bearing on his determination. If the writer were 
buying power from power companies where the voltage varies 
materially or it was necessary to make power-factor correction he 
would find synchronous convertors unsatisfactory. 

The cost of transmission when included with convertors shows 
nothing in their favor as to their cost or efficiency. 

Upon inquiry I find that one of the larger manufacturers is 
selling one convertor as compared with 24 motor-generator sets 
in the coal field. 

Overloads can be carried with equal facility by motor-gen¬ 
erator sets as I have seen 300 kw. motor-generator sets carrying 
75 per cent overload without injury. 

Using 500 volts as we do so largely in Pennsylvania we would 
be under the necessity of operating convertors at about 600 volts, 
direct-current. Whereas on light loads we want our voltage at 
525 permitting same to over-compound to 575. This takes care 
of the drop in the transmission lines and permits our small 500- 
volt motors to operate at the proper speed. Convertors neces¬ 
sarily do not over-compound to compensate for line drop nor can 
the operator control the d-c. voltage as he sees fit. 
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Further in a motor-generator set the a-c. circuits are removed 
from all proximity to the d-c. circuits. 

I also regard the control and operation of our motor-generator 
sets as much simpler and more satisfactory than the synchronous 
convertors. 

Graham Bright (Abstracted by H. H. Clark): Mr. Kingvsland’s 
paper shows very clearly the modem trend of the application of 
electric power to bituminous coal mines. In comparing the 
characteristics of the various motors used about a coal mine, Mr. 
Kingsland lays most stress on the comparison between the shunt 
or compound motor and the a-c. induction motor. This is true 
when comparing the motors used on the tipple and outside of the 
mine. Most of the motors inside of the mine,' however, such as 
those used to drive locomotives and mining machines are of the 
series type whose characteristics are quite different from the 
shunt type. As stated by Mr. Kingsland, the torque of an 
induction motor varies directly as the square of the voltage. 
The torque of a series d-c. motor, however, does not depend in 
any way on the voltage, but is a direct function of current. The 
only effect of lowering the voltage on a series motor is to reduce 
the speed, and the torque for a given current remains the sarae 
irrespective of voltage. With a series motor, a very large drop in 
voltage can be successfully used so that it is quite common^to' 
find conditions where a voltage drop of 50 per cent exists during 
the accelerating periods or in particularly heavy loads on a haul¬ 
age or cutting system. This drop is entirely permissible when 
using a d-c. series motor but would be inoperative with an induc¬ 
tion motor. For this reason the amount of copper required for 
an induction motor is greatly in excess of that necessary with a 
series-type direct-current motor at the same voltage. 

When using a rail return with an induction motor the im¬ 
pedance of the rail is very many times the ohmic resistance. 
This frequently means the strengthening of the rail circuit by 
means of a copper feeder. The a-c. system has been used very 
successfully in cutting machines, but has not proved practical 
for locomotive haulage for the long hauls inside of the mine. A 
number of three-phase locomotives for industrial purposes are in 
operation for use outside of the mine where the capacity is small 
and the distance of the haul not great. 

I do not agree with Mr. Kingsland that all underground dis¬ 
tribution should be either bare wire or lead-covered steel- 
armored wire. Where 500 volts is used on the trolley, the feed 
wires should be insulated since a contact with an insulated wire, 
although it may result in a shock, is not so liable to produce 
fatal results as with a bare wire. Persons in the mine are always 
on the look out for a trolley wire, but are not so careful regarding 
feed wires and a contact with a bare feed wire will invariably 
produce a greater shock than in case the wire is insulated. 

It is true that Tungsten lamps for 250 volts are not very 
satisfactory for mine illumination. This, however, can be gotten 
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around by using two 110-volt lamps in series. The principal rea¬ 
son, however, in most mines for not using Tungsten lamps is 
that it is difficult to keep the miners from stealing them. This is 
not only true in mines, but has been f und to be true also in 
manufacturing establishments. It is generally necessary ^to 
connect all lights inside of the min ^ to the trolley or cutting 
system while outside of the mine lights can be connect:d to the 
a-c. system in case of purchased power. 

Mr. Kingsland mentions the advantage of a motor-generator 
set over a synchronous converter to be a high power factor and a 
closer voltage regulation. The power factor of the motor-gen¬ 
erator set is only high at the lighter loads and at heavy overloads 
the power factor is generally very much less than with the syn¬ 
chronous converter. The voltage regulation of the converter 
is generally arranged so as to give fiat compounding. That is, 
the voltage on the d-c. side is practically constant at all loads. 
The motor-generator set has the advantage that at the heavier 
loads it can be made to over-compound, thus partly compensat¬ 
ing for the line loss. 

I certainly agree with Mr. Kingsland regarding the use of the 
squirrel-cage motors for operating mine fans. The mine fan is a 
piece of apparatus which should operate over long periods with 
little or no attention, and the squirrel-cage motor is particularly 
adapted for this kind of operation. I also agree with Mr. Kings¬ 
land in that the belt drive is by far the best method of connecting 
the motor to the fan. There are few people who appreciate that 
some types of fans produce a decided vibration due to the cut-off 
blows of the fan blades as mentioned by Mr. Kingsland. These 
cut-off blows have been known to set up shocks in the motor 
windings which eventually cause motor trouble and necessitate 
rewinding of the motor. The use of a belt produces a cushioning 
effect so that the vibrations are smoothed out and are not com¬ 
municated to the motor windings. Where the speed is to be 
changed daily, a two-speed motor provides the best solution. 

Where the speeds are to be changed only occasionally due to 
mine development, the best method, as pointed out by Mr. 
Kingsland, is to change the size of pulley from time to time. 
This scheme is far superior to the accomplishment of variable 
speed by the use of auxiliary machines and complicated control 
which has been tried out to a limited extent in this country. 
This scheme is in use in Europe where high-class operators can be 
obtained at very low wages. In this country, however, it is very 
difficult to obtain any kind of operators for the mining regions 
and the type of equipment which will operate over long periods 
with little or no attention is the type of equipment which the 
mine operators are looking for. 

Mr. Kingsland advocates the use of totally-enclosed motors in 
dustylplaces. Most operators do not realize just what totally 
inclosing a motor means to the size of the motor. The capacity 
of a motor depends on its ability to dissipate the heat losses. 
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The heat losses are largely taken care of by circulating air through 
the machine, the air taking up the heat as it passes through the 
various parts of the machine. If the machine is totally enclosed, 
then the heat must be dissipated largely by conduction to the 
surface and by radiation and convection from the surface. This 
means that for a given capacity a much larger motor must be 
used. When the average operator is told the difference in price 
between an open motor and an enclosed motor he is generally 
willing to risk the open motor rather than pay the difference. A 
scheme which is generally much cheaper than using an enclosed 
motor is to use an enclosed ventilated motor. In general, this 
will not increase the size of the frame over the open motor and 
the ventilation is taken care of by piping air from a blower 
located in a fairly clean place to the motor casing. The air is 
allowed to escape from the motor from one or more openings. 
Another method which does not involve enclosed parts for the 
motor is to build a small house around the motor and blow air 
into this house from a blower located in a fairly clean place. 
The advantage of this scheme is that a standard motor can be 
used which is much cheaper than the enclosed motor and can 
generally be obtained in much less time. 

Considerable impetus has been given to the use of central- 
station power in mines due to the fact that the value of fuel has 
greatly increased in price during the last year or so, while the 
] 3 rice of central-station power has practically remained constant, 
A few years ago, it was a very difficult matter to persuade a coal 
operator that he could purchase power as cheap as he could 
produce it. The great success of a large number of mining com¬ 
panies that have changed over to central-station power makes 
it no longer a question of doubt and there are very few operators 
today who will admit that they can produce power cheaper than 
they can purchase it from a central station. 

F, J. Duffy (Abstracted by H. H. Clark): I agree with Mr. 
Kingsland in the use of 60 cycles in preference to 25 cycles. We 
have used a great many 60-cycle synchronous converters with 
excellent results. The only possible advantage I can see to the 
use of 25 cycles in the mining industries would be where very long 
transmission lines are used. 

The use of 300 volts with a divergency factor of 10 per cent for 
portable machinery is used almost exclusively in the anthracite 
field. There are some instances where 500-volt direct current 
and 440-volt alternating current is used but I would prefer the 
use of the lower voltage from a safety point of view. 

In regard to cables. We have had in service for about five 
years a number of low-tension and also high-tension cables up to 
4000 volts in bore holes, using varnished cambric insulation 
with four braids of heavy twisted twine over the varnished 
cambric. This braiding is thoroughly impregnated with water¬ 
proof compound. We first used these cables to replace lead* 
covered steel-armored cables with which we had trotible, due to 
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the add water and the action due to electrolysis eating holes in 
the steel armor, after which occurrence water penetrated the 
cambric insulation and caused the failure of the cable. The 
cables which we installed with twine covering have given excel¬ 
lent satisfaction and we have had no failures to date. 

I would like to ask Mr. Kingsland the highest voltage he would 
use on larger induction motors in the mines used for hoist and 
pump service. Our practise is to limit this to 2200 volts on 
account of getting the proper amount of insulation on the stator 
coils. We have, however, one 800-h.p. induction motor operating 
on 4000 volts and have had some trouble with this equipment. 
We do not hesitate, however, to use synchronous motors directly 
on the 4000-volt circuit. 

As stated before, as a general rule we use synchronous convert¬ 
ers but where we have a large induction-motor load and the 
question of power factor is involved, we use synchronous-motor- 
generator sets. At one colliery we have a number of large in¬ 
duction-motor hoists and the breaker operated by induction 
motors. We use a 440-volt synchronous motor driving the 
generator. This 440-volt service is taken from the secondaries of 
the same transformers that operate the induction motors in the 
breaker. A Tirrill regulator is used in connection' with the 
synchronous motor and in this manner we get the advantage of 
power factor correction on the transformers used for the in¬ 
duction-motor load. 

^ I understand that in the bituminous region a number of ven¬ 
tilating fans are being operated by commutator-type variable- 
speed induction motors. I would like to ask Mr. Kingsland how 
these are working out. Personally I prefer the belt drive and all 
our recent installations have been belt drive, using idlers, allowing 
a greater reduction in speed and shorter belt centers. 

In the preparation of anthracite coal we have considerable 
dust to contend with but do not find that this gives any trouble 
other than clogging up the motor ventilating ducts, but we find 
it necessary, on account of high momentary peak loads, to install 
larger motors than would ordinarily be required, and notwith¬ 
standing the clogging of the ventilating ducts with dust the tem¬ 
perature of the motor is well within the limits. From the elec¬ 
trical side we find it necessary to use a motor of high torque in 
order to take care of the peaks. As a general rule our motors are 
designed for 250 per cent torque. Due to this peak condition 
considerable trouble was experienced with the screw fastened and 
soldered rotor bar. The welded or cast in rotor bar has elim¬ 
inated these ^roubles. We did find, however, 80 per cent of our 
trouble was due to mechanical reasons and on all of the later-type 
rnotors changes have been made which have practically eliminated 
the electrical as well as the mechanical troubles. 

The use of inside substations is oftentimes advisable. We have 
two such substations in operation. The only objection I can see 
to the inside station is the delay in changing apparatus in case 
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extensive repairs are necessary. In regard to locating substations 
at various points in large mines this is often advisable where 
the workings are extensive and when two or more substations 
are used at one mine I find that where it is practicable the d-c. 
side of these substations should be tied together. This would 
not only decrease the voltage drop but would allow operation 
with a smaller substation capacity, due to taking advantage of 
the divergency factor. We are starting to do this extensively 
and at the present time have plans for the tying together of eleven 
different substations at the various points in the mines. The 
d-c. feeding system of these various substations is such that 
they can be tied together by a very small expenditure. As a 
protection in the substation we are using reverse-current relays 
and speed-limiting devices on the converters. 

L. C. Ilsley (Abstracted by H. H. Clark): Mr. Kingsland’s 
statement that ‘‘no practical means has been developed for heavy 
haulage by the use of alternating current and we are therefore 
limited to direct current” merits consideration, since the lack 
of suitable alternating-current motors for operating mining loco¬ 
motives complicates many mining problems. Especially is this 
true when a new field is under development. Under such con¬ 
ditions it would be possible to distribute power over the field at 
a high voltage, stepping it down at the point where it is 
used to whatever value is required. Such a practise would reduce 
materially the cost of the feeder circuit; would replace' synchron¬ 
ous-converter stations and their attendants with transformer sta¬ 
tions without attendants; would materially reduce the length of 
the low-tension circuits, which would be attended by a cor¬ 
respondingly decreased secondary voltage drop; would facilitate 
the maintenance of the distribution system and decrease the cost 
of maintenance, since more of the system would be above ground , 
where it would be less subject to injury and where it could be 
more readily inspected. The haulage locomotive is the only 
piece of mining equipment to which alternating current has not 
been successfully applied. 

Pumps and hoists operated by alternating-current motors are 
already in universal use and in most cases are preferred to similar 
equipment operated by direct-current motors. The use of 
alternating current simplifies the lighting problem, since it 
provides a more flexible voltage. Alternating-current coal-cut¬ 
ting equipments have been on the market for some time and are 
in apparently successful use. On account of the excessive amount 
of dust which attends the mining of coal alternating-current 
motors are much to be preferred to direct-current motors for the 
various miscellaneous uses around a mine, both inside and out. 

Therefore, if some kind hearted engineer would only solve the 
problem of providing a suitable alternating-current motor for 
operating the mine locomotive he would insure that the mine 
distribution systems of the future would be alternating current, 
and would incidentally permit a considerable saving in installa¬ 
tion costs on the part of the mine operators. 
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R, L. Kingsland: Mr. Pauly mentioned the feeder copper 
inside of mines. From an engineering standpoint, feeder copper in 
the mine is a very simple problem, all you have to do is to work 
out how much is required and put it in. I have found it a very 
difficult problem to ever get a mine to install as much feeder 
copper as you want installed, they always try to discount it and 
talk of the high price of copper and the scarcity of labor, that 
they are there for getting out coal and not for putting in copper, 
and such arguments as that, so that as a matter of fact, it is not 
an unusual case to find 100 volts, or even below 100 volts, as the 
working voltage in a mine where the substation is generating the 
power at a voltage of 275. That is not a condition we want, but 
one we have. 

Then as to the question of motors for driving fans. There was 
a little instance that came to my attention which may have given 
some designing engineers wrong information. I know of a case 
where they installed seven or eight fans, each belt connected to a 
150-h.p. squirreFcage induction motor. I was not at the works 
when it was done, in fact, did not go there for several months 
afterward. In the meantime we had a lot of trouble, could not 
keep the belts on, and were burning the belts. We reported this 
to the manufacturer, who supplied special switches so that we 
could have two starting taps. By closing the first switch a 
voltage high enough to turn over the motor was applied. Open¬ 
ing the first switch and closing the second reduced the voltage 
applied to the motor to a point where there was just enough to 
bring it to speed. The closing of a third switch placed line volt¬ 
age on the motor. We tried out this apparatus but still had the 
same trouble with the belt, due to too rapid acceleration. A 
trouble man from the manufacturer investigated the trouble on 
the ground and made recommendations for further special 
apparatus. This was supplied by the manufacturers, and tried 
out without success. Soon after this the writer had occasion to 
visit these installations and discovered that they had the auto¬ 
transformer connections reversed: the starting leads were con¬ 
nected to the line and the line leads to the motor. This stepped 
up the voltage for starting instead of reducing it. These connec¬ 
tions were changed and no further trouble experienced using the 
standard equipment as originally furnished. These fans are 
larger than usually used for motor drive, being 14 feet in diameter 
by 5 feet wide. The fans run at about 90 rev. per min. A heavy 
torque is necessary to start from rest. 

Mr. Clark mentioned the question of suspending the cables 
in bore holes. We have suspended three-conductor varnished- 
cambric-insulated lead-covered steel-armored cables in bore 
holes of a maximum depth of 515 feet. For the armor we are 
using steel wire with a jute coating to protect it on the outside, 
and then we are suspending the cable by means of the steel 
wire drawn back on clamps and have found it satisfactory to that 
depth. ^ 
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As to the suggestion of Mr. Clark to use a high quality of • 
rubber insulation, we have not tried that, but I would be afraid 
of it, on account of the acid content in mine waters and the 
vapors to which the bare rubber would be subjected. Of course, 
if the rubber was acid proof, it would be all right, but it would 
not stand up indefinitely. It would also be difficult to suspend 
cable without the steel armor. 

Mr. Means’ statements regarding the paper can be explained, 

I believe, from the fact that he has looked at the case from quite 
a different angle than I have. He is considering, primarily, 
purchased power; whereas all the power that we are using is 
generated in our own central stations. On off-peak periods 
this means quite a difference in cost; that is, there is not the 
same advantage to us in cutting down a fan speed at the off-peak 
period that there would be to a man purchasing his power. 

Mr. Kiser mentioned that 330 volts should be classed with the 
medium voltage. My interpretation of the standards is that the 
low voltage includes 300 volts, with a divergency factor of 10 per 
cent, which would allow 330 volts to be classed as low, not 
medium. 

Mr. Kiser also states that he has seen motor-generator sets 
operating satisfactorily with 75 per cent overload. 1 have seen 
synchronous converters operating satisfactorily with 200 per 
cent overload. 

Mr. Bright mentions the use of series motors for coal-cuttmg 
machines. I have never seen any coal-cutting machine using a 
series motor. They operate practically at no load before they 
come in contact with the coal, and therefore it is necessary to 
have some shunt winding on them to hold the speed down. 
My reason for not comparing the series motor with the alter¬ 
nating-current motor was that I knew of no practical use in coal 
mining work of the alternating-current motor, as against the 

series motor. . , . ^ ,, . 

Mr. Bright also recommends the insulation of 500-volt wires. 
We have found that ordinary insulation on a wire is even more 
dangerous than a bare wire, on account of the fact that the men 
trust to the insulation underground where it will not last. 

Mr. Bright also mentions the power factor on motor-generator 
sets as not being any better than converters. The power factor 
of the motor-generator set depends almost entirely on what it is 
designed for, and it can be regulated to suit conditions. 

Mr. Duffy asked regarding the highest voltage we were using 
for underground motors. So far, the highest voltage we have 
applied direct to underground motors is 2300. We have taken 
11 000 volts down a three-conductor cable, through a bore hole, 
and applied that to transformers for synchronous _ converters 
Our principal reason for not using a higher voltage is that 2300 
is the highest voltage for which a complete line of standard 
motors is manufactured. 

In reply to Mr. Duffy’s question I would say that we are not 
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using any commutator type alternating-current motors. We 
are not experimenting with them at all. 

Mr. Ilsley’s discussion brings up the question of alternating- 
current haulage. As I said in the beginning of this paper, I tried 
to make it an entirely practical paper, and I know of no practical 
application of alternating current to mine haulage. 

Graham Bright (Communicated after adjournment): Mr. 
Sage has presented a valuable paper on the electric mine hoist¬ 
ing industry and has given some very interesting operating data. 
The conditions of operation are rather fortunate for the hoisting 
equipment in that the usual operation is found to be far below 
normal and will probably be so for some time. This gives the 
equipment a chance to be broken into regular service and gives 
the operators a chance to become acquainted with the equipment 
and its limitations. 

I believe that Mr. Sage is a little optimistic when he states 
that the Elm Orlu hoisting equipment is one of the two largest 
hoisting equipments in this country. There was at the time Mr. 
Sage's paper was written, one hoist which had been in operation 
for two years at the North Butte Mining Company of not only 
larger capacity but performing a very much heavier duty than 
the Elm Orlu hoist will be called upon to perform, even when the 
operating conditions of the mine are approaching the normal 
conditions as outlined in the maximum duty given in the original 
specifications. At this same time there were two other hoists 
of the same capacity as the North Butte about to be placed in 
operation, one at the Black Rock Mine of the Butte & Superior 
Copper Co, at Butte, Mont, and the other at the Canadian 
Copper Co. near Sudbury, Ont. Both of these hoists will be 
placed in operation some time in July or August of this year. 

hoists are the three largest in North America and the 
attached table gives a comparison of these three hoists with the 
Elm Orlu hoist. 


layout of the equipment, the writer believes 
that the flywheel motor-generator set should be placed in a 
separate room or a tight partition be placed between the motor- 
g^emtor set and the hoist to eliminate the noise from the set. 
Ine hoist operator can accomplish his work much better if the 
room IS qmet and he is-not bothered with the continual noise 
macie by the motor-generator set. 

The WJf of the drum is given as 3,600,000 lb. ft. squared. It 
would be interesting to know if this is the original estimated 
value and if so, how close it checks with the actual value of the 
eqmpment when built. The of the hoist parts of the North 
JJutte hoist IS about twice as great. 

interesting to_ compare the information given in 
Mr. Sage s paper with that given in a very similar paper by Mr. 

Francisco meeting, September, 1916. 

It would be also interesting to know just how the losses in 
mechamcal parts of the hoist sheaves and guides are distributed 
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over the load cycle. This evidently cannot be taken by assuming 
a certain definite efficiency as the losses would be entirely too 
great at certain portions of the cycle and entirely too light at 
other portions. For instance, taking the cycle at 3500 ft., the 
point at which retardation begins shows a load on the hoist 
motor of about 50 h.p. At 85 per cent efficiency, this would mean 
that the hoist loss would be about h.p. which, of course, can 
not be correct. The scheme of assuming a certain torque as the 
hoist friction seems to be more reasonable than assuming a 
mechanical efficiency of a definite amount. 

The use of a circuit breaker in the main circuit between the 
hoist^ motor and the generator is rather questionable if this 
circuit breaker is to be hand operated. When this circuit breaker 
opens, the operator loses the electrical control of his hoist and 
must depend entirely upon mechanical brakes. This is not the 
case when the circuit breaker is omitted and safety protection is 
obtained by placing the circuit breaker in the field of the hoist 
motor and^ generator, this circuit breaker to be reset by the 
operator with the controller in the off position. 

The rate of acceleration and retardation and the tim'e required 
at rest as shown in the tests are much greater than will occur 
when the hoist is operating up to full capacity. It would be 
interesting to compare a set of similar curves when working 
at full capacity to those as shown in Fig. 9. 

A very ample margin has been chosen in selecting the equip¬ 
ment and it should operate over long periods with very low 
up-keep and very small amount of attention. 

J. B. Morrill (Communicated after adjournment): In the 
seventh paragraph of Mr. Kingsland's paper is the statement 
if we had only half rated voltage on a d-c. shunt motor we would 
have one-half torque, while with one-half voltage on a squirrel- 
cage induction motor we would only have one-fourth torque. 
This is a^good point to keep in mind when considering a-c. motors 
for portable machines underground.” I take it that the author 
intends to make a case against the induction motor by this state¬ 
ment, whereas theoretically the power in each case would be the 
same, for the theoretical speed of the shunt motor would be cut 
in two by the reduced voltage and the induction motor would run 
nearly at full speed. The induction motor would give then about 
one-fourth its rated output at nearly its rated speed while the 
shunt motor would give one-fourth its rated output at less than 
half speed, and it seems to me that in most cases the former 
would be preferred. Moreover the voltage for the induction 
motor could be boosted up to normal without introducing a rotat¬ 
ing machine, making it far easier to obtain rated power than in 
the case of the d-c, shunt machine. 

R. S.^ Sage: Referring to Mr. Graham Bright’s communi¬ 
cated discussion would say, lest there be a wrong impression 
gained, that it was only a matter of a couple of weeks until the 
operators became as familiar with the control as with the steam 
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hoist and without exception praised highly the superiority of 
control over the steam engine. At the end of this time there 
would have been no difficulty whatever had there been any occa¬ 
sion to hoist at the maximum rate. 

The author agrees with Mr. Bright that it would be advan¬ 
tageous in installations of this size to place the fly-wheel motor- 
generator set in a room separated from the rest of the hoist 
house as there is always more or less noise attending the operation 
of high-speed machinery of the nature of this set. 

As to the W of the hoist drums the value given in the paper 
is that estimated by the hoist builders and an analysis of the test 
results would indicate no great variance ^of the actual from the 
estimated value. 

Referring to Mr. Bright’s points relative to the mechanical 
efficiency of the hoist it was considered to be so generally under¬ 
stood by those engaged in this line of work that the author in his 
paper did not define the term “mechanical efficiency.” As 
used, it was understood to mean the ratio of the net work done on 
the material in the shaft to the work represented by the duty 
cycle, and the resulting friction work was considered to have been 
done at a uniform rate during the entire trip. This efficiency 
cannot be exactly calculated but is arrived at by a consideration 
of the relative weights of the material being worked upon, of the 
skip and rope, the rope speed, etc. In the case of a first motion 
hoist with skips in balance, it is believed that the total friction 
load does not vary greatly in value from point to point in the trip, 
and that no great error results in taking it as uniform. It is 
obviously incorrect to assume the friction to be a fixed percentage 
of the net rope pulls, for at some points in the trip this may be 

zero. . 

Regarding the use of a hand-operated overload circuit breaker 
between the hoist motor and generator, experience has proven its 
use highly advantageous, it being understood of course, that over¬ 
load tripping is confined to loads only slightly under the commu¬ 
tating limit of the machines. The dynamic braking 
tained by simultaneously opening the motor and generator fields 
must necessarily be of a very indefinite and ^ variable value. 
Depending as it does on the relative rate of upbuilding of the two 
field fluxes, its value can neither be predetermined nor pre- 
established with any practical degree of accuracy. Its eff^t can 
very readily be between the ranges of zero and a value sufficient 
to cause an arc-over of serious mechanical strains. Wherever 
the matter is considered of sufficient importance to warrant the 
additional cost involved, very simple means can be provided 
which will provide dynamic braking of a definite character arid 
at the same time permit the use of the circuit breaker and i etain 

the benefits which it affords. ^ 

In regard to the second paragraph of Mr. Bright s discission 
would say that, inasmuch as the Elm Orlu and the North Butte 
hoists have been the only ones of comparable capacity in opera- 
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tion in this country to date, October 8th, there is no inaccuracy 
in the author’s previous statement to the same effect. No claim 
was made of greater capacity for the Elm Orlu equipment. 

In view of the operating experience at North Butte it is inter¬ 
esting to note that an 1850 h. p. continuous rating motor is re¬ 
quired to perform, as Mr. Bright says, 60 per cent more duty than 
the Elm Orlu hoist, which has a motor capacity of 1800 h. p. 
continuous capacity. 

Considered aside from these points the table given by Mr. 
Bright is a valuable bit of data covering noteworthy equipments 
of this character, three of which are located in this country and 
one in Canada. 
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ECONOMICAL COMBINATION OF WATER POWER AND 
STEAM PLANTS AND A CONVENIENT METHOD 
OF SOLUTION 


BY H. ST. CLAIR PUTNAM 


Abstract of Paper 

A determination of the respective economic limits in steam 
and water power plant developments. Formulas are derived for 
determining total annual costs of each type of plant and the 
most economical combination. Certain general conclusions are 
reached as follows: Practically all water power plants should 
be developed beyond minimum power available and hence 
in combination with a steam plant. The economic limit 
depends largely on the value of money, fuel, labor, the 
increasing efficiency of steam turbines and the location of the 
enterprise. 


I N THE development of an industry it is important to care¬ 
fully consider possible improvements that may be made in 
methods and efficiency. Of equal importance is the prompt 
recognition of changes in conditions which affect the industry. 
During recent years these factors have been especially important 
in the development of power station practise. The perfecting 
of the steam turbine, the great increase in the practicable capacity 
of generating units, the larger boilers used, the use of higher 
steam pressures and higher superheat, and improvements in au¬ 
tomatic stokers, have added thirty or forty per cent to the 
overall station efficiency within the past ten or fifteen years. 
Progress also has been made in the design of water turbines. 
The efficiency of water turbines has been increased from near 
80 per cent to over 90 per cent of the potential water power 
available, and the size of the generating unit has been mater¬ 
ially increased. 

The improvement in power station efficiency, both in steam . 
and hydraulic practise, has been great, but of greater import¬ 
ance is the change introduced by the change in conditions. 
Foremost among these changes in conditions is the fact that the 
modern power plant, whether water power or steam, is a highly ef¬ 
ficient manufacturing-plant producing electric power for sale in 
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large blocks as well as for retail. The recognition of. this function of 
the modern power plant to supply large blocks of power for indus¬ 
trial use has resulted in the development of large highly efficient 
power stations manufacturing electric power as a business. The 
industrial use of electric power has greatly increased in recent 
years, but there are large amounts of such industrial power 
still independently produced, and much of this can be more 
economically supplied from central power stations. 

Probably the greatest change in conditions, however, has been 
introduced by the development and perfection of long distance 
high-voltage transmission lines. Transmission lines are now 


built of steel with factors of safety equivalent to those used in 
the construction of bridges and office buildings. This renders 
them practically immune from mechanical failure. Improved 
methods of insulation, the increase in voltage, and the develop¬ 
ment of methods of protection against short circuit and lightning 
ha\ e reduced electrical failures to mere surges, in most cases, so 
that records show that the interruptions to service resulting 
from the failure of high-voltage transmission lines are not in 
excess of those which occur in the ordinary operation of the 
modem power station. ^ The comparatively unreasonable fear of 
the reliability of transmitted power is diminishing, and it may be 
expected to disappear when transmission lines are constructed 
with adequate factors of safety and when they are properly 
protected against electrical disturbances, by devices which have 
been already tried out and proved effective. 

• development of the transmission line has opened 

wide fields for the economic development of power. Within 
reasonable limits, power stations can be constructed where power 
can be most economically produced. The successful trans- 
•fT'' one hundred to two 

wmt to the development of 

has bZ only recently, in this country, 

oower It effectively to the transmission of 

or waste Toll^^”^ Plants located at the coal mines, where cheap 
aste coal can be obtained and utilized. The public has 
becon,e accustomed to the transmission of electrical energy from 

product! dtactly k the^Sdf hSJS.t'TSp 
he advantages resulting the con,bination rf ™ch iSp 
nSrrpp"rtef“"* «»deve.„p.d water powers*’.? 
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The development of large steam and water power plants, and 
the improvements made in the transmission of power, have 
raised new problems as to the most economical method of 
operation and combination of the several power plants. ' It is 
no longer good engineering to regard a power project as self- 
contained, to be concerned only with its immediate power 
market, but it must be considered and studied in connection 
with other power plants, and its design and development should 
be planned to meet possible future connections with such plants. 

This general subject was discussed by the writer in a paper 
on the ^^Conservation of Power Resources,”* presented at the 



Fig. 1 —Duration Curve of Flow—average of 15 Years 

first national conference called by President Roosevelt, in 1908, 
on the Conservation of Natural Resources. In this paper the 
economic development and combined operation of large water 
power and steam plants were strongly urged. It is the purpose 
of these notes to describe a relatively simple method of solving 
the different problems that arise in combining different power 
plants with different costs and different operating characteristics, 
and especially the use of the method proposed to determine the 

“''“Conservation of Power Resources," by H. St. Clair Putnam. Pre¬ 
sented at the Conference on the Conservation of Natural Resources, 
White House, Washington, D. C., May 13-15, 1908; reprinted in Trans- 
ACTIONS A. L E. E., Vol. XXVII, p. 1398. 
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feasibility of water power developments, and the magnitude to 
which such developments should be carried. 

Primarily, the proposed method of solution is based upon 
careful estimates of the cost of construction of such power plants 
as may be required initially, and a second estimate of the same 
plants extended to greater capacity, preferably to not less than 
double the size of the initial plant. Careful estimates are then 
made of the annual capital costs of each and the operating costs 
at two or more load factors. The method is equally applicable 
to water power plants and to steam plants, and naturally can 



be extended to transmission lines and substations and also to 
existing power plants and systems. As illustrating the general 
method of solution proposed, some estimates of cost which were 
prepared for a rather special case where special conditions ex¬ 
isted are givem The purpose of these estimates was to deter¬ 
mine tte feasibihty of a low-head water power development 
represented by the data plotted in Pig. i, and also the economic 
capacity for which it should be designed. For the purpose S 
determinmg possible economic combinations, the results^of the 
water power development were combined with the results which 
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could be obtained from a well located steam plant of modern 
design. These estimates are used only to illustrate the method 
employed, and while they are approximately correct, their ac¬ 
curacy is not essential to the purpose of this paper. 

ESTIMATED COSTS 

Water Power Plant 


Installed Capacity_ 100,000 kw. 200,000 kw. 

Dams, dykes, locks, 
tail race and power 
plant, complete, 
including o v e r- 

head costs. $12,200,000 $19,266,000 

Annual Cost: 25% L.F. 767o L.F. 2S% L.F. 75% L.F, 

Interest, deprecia¬ 
tion and taxes $522,350 $522,350 $872,500 $872,500 

Operation and 

maintenance. 96,080 157,180 161,890 284,090 


$618,430 $679,530 $1,034,390 $1,156,590 

Formula—First cost: $5,134,000 + $70.66 per kw. 

Capital cost. . .$172,250 + 3.5010 per kw. 

♦Operating cost 30,270 + 0.3526 per kw. + 0.0001395 per kw-hr. 
Total annual cost $202,520 -k 3.8536 per kw. + 0.0001395 per kw-h r. 

The formula for operating cost is derived from the estimates of operation and main 
tenance, as follows; 

100,000 Kilowatt Plant. 


Operating cost.75% L.F. $157,180 

« “ 25% L.F. 96.080 

Increment.50% L.F. $61;100 = 0.611 per kw 


Increment cost 25% L.F. = $0.3055 per kw. = $0.0001395 per kw.-hr. 

Operating cost, 25% L.F. (above). $96,080 

100,000 kw. © $0.3055. 

Plant constant, 100,000 kw.. 

200,000 Kilowatt Plant. 

Operating cost 25% L.F. 

200,000 kw. @ $0.3055 (above) 


$65,530 

$161,890 

61,100 


Plant constant, 200,000 kw. 

Plant constant, 100,000 kw. (above) 


$100,790 

65,530 


Increment.. 100,000 kw. $35,260 

Increment cost $0.3526 per kw. 

Constant. 

Plant constant 100,000 kw. (above). $65,530 

100,000 kw. @ $0.3526. 35,260 


Constant. $30,270 

Formula— 4- $0.3526 kw. + $0.0001395 kw-hr. 

The same general method is employed to deriyo the other interpolation formula, used 
in this paper, from the esti?patje4 <?ost.^. 
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The corresponding costs for a steam plant constructed in 
accordance with the best modern practise and located immedi¬ 
ately at the coal mines where suitable coal can be obtained at an 
average price of $1.00 per ton, are as follows: 


Installed Capacity 

Ground, building equip¬ 
ment, coal tracks, and 
storage and condens¬ 
ing water facilities.... 

Annual Cost: 

Interest (3%), de¬ 
preciation and 

taxes. 

Operation and main¬ 
tenance. r 

Total annual cost 


Steam Power Plant 


90,000 

kw. 

210,000 

kw. 

$5,062,350 

$10,643,230 

L.F, 

7J% L.F. 

25% L.F. 

75% L.F. 

$265,430 

$265,430 

$566,640 

$566,640 

385,293 

768,850 

827,058 

1,722,023 

$650,723 

$1,034,280 

$1,393,698 

$2,288,663 


First cost—formula: 1876,720 + $46,507 per kw. 

Capital cost. $39,530 + $2.5100 per kw. + 

Operating cost... 53,970 + 1.5505 per kw. + 0.000973 kw-hr. 


Total annual cost.. $93,500 + $4.0605 per kw. + 0.000973 kw-hr. 


The estimated annual costs, as given in this estimate, are 
plotted in Fig. 2, which is a graphic representation of the method 
used in obtaining the above interpolation formula. 


Installed 


capacity 


Transmission Lines 
. 150,000 kw. 


300,000 kw. 


Steel tower line and right-of-way.. 
Anmial Cost: 

Interest, depreciation and taxes. 
Operation and maintenance.... 

Total. 


$1,484,700 

$62,496 

21,770 

$84,266 


$2,839,400 

$120,492 

36,040 

$156,532 


Formulas—First cost. $149,950 4- $8,965 per kw. 

Capital cost. 4,450 -t- 0.387 “ “ 

Operating cost. 7,620 + 0.095 “ “ 


Total Annual Cost, 


$11,970 -h $0,482 
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Substation—Distribution 


Installed capacity. 90,000 kw. 

Substation building, transformers, 
switching gear, lightning arresters, 
etc. $600,000 


240,000 kw. 


$1,500,000 


Capital cost. $33,000 $82,500 

Operating cost. 11,000 22,500 


Total Annual Cost. $44,000 $105,000 


Formula—First cost.$60,000 + $ 6.00 per kw. 

Capital cost. S 3,300 + $0,330 per kw. 

Operating cost. 4,100 -j- 0.077 per kw. 


Total Annual Cost. $7,400 + $0,407 kw. 


The above estimates are based upon interest at 3 per cent and 
coal $1.00 per ton. In the table below, transmission losses are 
taken at 6 per cent and the load factor at 100 per cent. The 
market for power is assumed to be at the water power end of the 
line. The resulting costs expressed in terms of power delivered 
to the distribution system, in terms of the derived formulas, are 
as follows: 


Resulting Formulas— 100 Per Cent Load Factor 
6 Per Cent Losses Added. 

Construction Costs. 


A. 

Water Power Plant. 

.. $5,134,000 


$70,660 

per kw. 


(1) Steam plant. 

.. $ 876,720 


49.297 

u 


(2) Transmission line. 

149,950 

+ 

9.503 

a 


(3) Substation at W. P. end. .. 

60,000 

4- 

6.000 

a 

B. 

Total for Steam Plant. 

.. $1,086,670 

4- 

$64,800 

Cl 

Interest (3%) and Depreciation. 





C. 

Water Power Plant. 

.. $ 172,250 

H- 

$3,501 

ic 


(1) Basis 8% interest, etc. 

428,950 

4- 

7.034 

it 


(2) Steam plant. 

.. $ 39,530 

+ 

$2,661 

Cl 


(3) Transmission line.'. .. 

4,450 

4- 

0.410 

(t 


(4) Substation. 

3,300 


0.330 

It 

D. 

Total Steam Plant. 

.. $ 47,280 

+ 

$3,401 

it 


(1) Basis 9 % interest, etc. 

.. $ 112,480 


$7,289 

tt 
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Operation and Maintenance. 

E. Water Power Plant. | 30,270 +"$1.5746 “ 

(1) Steam plant. $ 53,970 + $10.6751 ‘‘ 

(2) Transmission line. 7,520 + 0.1007 “ 

(3) Substation. 4,100 + 0.0770 “ 


P. Total Steam Plant, $1.00 coal.... $65,590 + $10.8528 “ 

(2) “ " " 3.00 88,910 + 26.6368 “ 


The Problems to be Solved 
1. When the Development of a Water Power will Secure 
Better Results than the Construction of a Steam Plant. 
One of the .first questions to be determined in the de¬ 
velopment of a water power is whether or not it will pay, and 
if so, whether it is the cheapest and best method of producing 
the power required. In the case used as an illustration, the 
water power is compared with a steam plant of modern de¬ 
sign, located at the coal mines, thus reducing the cost of fuel 
to a mmimum. The comparison, therefore, is most severe. 
After the above described cost formulas are developed, the 
problem is quickly solved. On the basis that the power is to 
^ distribution system at approximately 
15,000 volts and 100 per cent load factor, the formulas derived 
above become as follows : 


Total annual cost, water power. 

Total annual cost, steam power, 

V I jjci Ji.W. "J— 

Then the point of equality of cost will be found as follows; 
S202,520 + S5.076 per kw. = $112,870 + $14,253 per kw. 


$202,520 + $5,076 per kw. (C-\-E) 
112,870 + 14.253 per kw. 


kw. = 




9.177 


= 9,769 


That IS if the power required is in excess of 9,769 kw., it is 
better to develop the water power than to build the steam plant. 

f ^ Water Power Than to 

midf builf ? aT 

y uilt, and additional power is required, then the 

Tc^^h Steam pint or 

to construct the water power. 

This question is answered as follows: 

$202,520 + $5,076 per kw. =$14,253 per kw. (C+£ = inc.D + F) 


kw. = 


202,520 


9.177 


= 22,068 
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That is, if the increased power desired is in excess of 22,068 
kw., it is better to construct the water power plant than to 
extend the steam plant. As stations of large capacity are here 
considered, and the steam station is assumed to be equipped 
with 30,000-kw. or 35,000-kw. steam turbines, it is evident that 
it is better to construct the water power than to install an ad¬ 
ditional unit in the steam station. 

As has been stated, the estimates used in this memoran¬ 
dum are based upon the development of a water power with a 
low head, but with a large volume of water. The characteristic 
discharge curve for such a stream, together with the potential 
power that can be developed and the variations in head with 
different flows, are shown in Fig. 1. It will be noted that, with 
the exception of but two or three days in the period of fifteen 
years, the power during low-water periods does not drop below 
30,000 kw. It is evident from the above deductions, therefore, 
that the water power should be developed under the conditions 
assumed, rather than that a steam plant and transmission system 
should be constructed, or the steam station extended. 

Water Power with Steam Auxiliary 
It has been found profitable to develop water powers much be¬ 
yond the minimum flow of the stream when a market for the power 
is available. If there is no market immediately at hand, in many 
cases new industries grow up and absorb the power after such 
developments are made. Under such circumstances, as the 
demand for power in any industrial community constantly in¬ 
creases and the power must be supplied, it often becomes a 
serious problem to determine how best to obtain additional 
power when the power in the original development is absorbed. 
It is of importance, therefore, to determine in advance the 
best water power development to make, and to determine as 
nearly as possible, the manner in which increased demands 
for power are to be met. There has been a tendency quite 
general among bankers and investors to regard a water 
power as limited by the minimum flow, and to look with sus¬ 
picion upon the proposition to include an auxiliary steam plant 
as a necessary part of a water power development. As a matter 
of fact, practically all water powers have auxiliary steam plants 
in connection with them, but, unfortunately, these auxiliary 
plants are often uneconomically furnished by the customers. It 
is much better engineering, and much greater economy is ob- 
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tained, if the question of auxiliary steam plants for a water 
power is met boldly and adequate provision is made for it in 
the beginning. The purpose of this memorandum is to suggest 
a convenient method for determining with accuracy the best 
development for a water power and the best combination that 
can be made with an auxiliary steam plant. The method can 
be used also to determine the best combination that can be 
made of existing steam or other power plants, and the manner 
in which all these factors are affected by changes in interest 
rates and the cost of coal, labor, supplies, etc. 

The Most Economical Water Power Development. In the 
case used as an illustration, it is clear that if the power 
required exceeds 10,000 kw., the water power should be de¬ 
veloped rather than a steam plant constructed, and this 
development can be carried to 25,000 or 30,000 kw. before the 
question of an auxiliary steam plant arises. Every water power 
development should be so designed that its maximum eco¬ 
nomical capacity can be conveniently developed without recon¬ 
struction, and it is important that this capacity should be deter¬ 
mined when the original designs are made. 

In the problem used as an illustration, the supplementary or 
auxiliary steam plant is located at the point where fuel can be 
obtained most economically. The analysis is based upon 
the annual cost of production, rather than upon earnings, for 
the reason that gross receipts should be approximately the same,, 
independently of the manner in which the power is produced. 
We are concerned, therefore, with the single matter of ascer¬ 
taining the manner in which the power can be produced at the 
lowest cost. 

An inspection of the formulas on page 697 shows that they 
are materially different in the distribution of costs, and it 
is evident that the costs can be combined so as to obtain the 
point where power is produced at a minimum cost. The for¬ 
mulas at 100 per cent load factor, 3 per cent interest, coal at $1 
per ton, and with power delivered to the low voltage distribution 
system, are as follows: 

Water Power: Capital cost, $172,250 + 3.5010 per kw. (C), 

Operation, 30,270 -f 1.5746 per kw. (E)’ 

Steam Plant: Capital cost, $ 47,280 + 3,4010 per kw. (D) 

Operation, 65,590 J- 10.8528 per kw. (F) 

As it is assumed that the water power plant will be developed 
beyond the minimum flow, any increase in the installed capacity 
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in the water power plant will require a corresponding increase 
in the capacity of the auxiliary steam plant, so the increase in 
capital cost in both plants must be offset by the saving ef¬ 
fected, and the water power can be extended until the 
net result is zero. This minimum point is shown at 80,000 kw. 
in Fig. 3. The point of minimum cost can be determined by 
differentiation, but is most easily obtained by a direct estimate 
of costs at several points. This point of minimum cost, however, 



Pjg. 3—Loci of Most Economical Combination of Water Power 

AND Steam Plants 

is not the determining factor in deciding upon the capacity to 
which a water power should be developed. 

The Most Economical Combination Development. When the 
steam plant is larger than the water power, the water power is 
used to supplement the steam plant, when and as the water power 
is available. In this case the capital charges of the steam plant 
need not be considered, and the increase in the development of 
the water power must be justified by the saving in the operating 
costs of the steam plant, and the development of the water 
power should be stopped where the saving resulting from such 
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extension amounts to zero. This relationship is expressed as 
follows: 

3.501 + 1.5746Z- 10.8528X - 0. 

From how sheet Fig. 1, 138 days operation = 80,000 kw. 

Under the conditions assumed, therefore, the water power can 
be developed in connection with a steam plant to the point where 
it utilizes the flow of the stream for 138 days, which corres¬ 
ponds in the present case to the development of the water 
power to 80,000 kw. (See Fig. 3.) It is merely a coincidence 
that the best points for the water power and for the combination 
plants happen to be the same in this case. 

Effect of Change in Conditions. In the contemplated construc¬ 
tion of a water power plant, it is impossible to foretell with cer¬ 
tainty just when conditions will change, and how much that 
change will be. Within the limits of probability, however, pos¬ 
sible changes in conditions should be given careful consideration 
in the design and construction of the power plants. The for¬ 
mula method of solving these problems permits other conditions 
than those assumed to be readily studied and the power plant 
designed to meet such possible contingencies. 

In the case here used as an illustration, if the rate for money 
is increased from 3 per cent to 8 per cent for the water power 
and to 9 per cent for the steam plant, to cover interest, taxes 
and amortization, and coal increased in cost from $1.00 per ton 
to $3.00 per ton, the following tables show the effect of these 
changes on the most economical development for a water power 
for operation in combination with a steam plant under the con¬ 
ditions assumed. 


POINTS OF ECONOMICAL DEVELOPMENT 
3 per cent. Money; Coal ^51.00 to $3.00 per Ton 



Water power and 
steam auxiliary 

Combination of water 
power and steam plant 

Days of 
utilization 

Kw. 

installed 

Days of 
max. flow 

Kw. 

installed 

Cost of Coal: 





$1.00 per ton. 

138 

80.000 

138 

80,000 

3.00 “ “. 

258 

60,000 

' 

52 

100,000 
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Under the condition that interest, taxes and amortization cost 
8 per cent for the water power and 9 per cent for the steam plant, 
the points of economical development become as follows: 


8 per cent, and 9 per cent. Money; Coal $1.00 to $3.00 per Ton 



Water power and 
. steam auxiliary 

Combination of water 
power and steam plant 


Days of 
utilization 

Kw. i 

installed 

Days of 
max. flow 

Kw. 

installed 

Cost of Coal: 

$1.00 per ton. 

365 

130,000 

276 

56,000 

3.00 “ “. 

185 

71,000 

102 

88,000 







In the above, with coal at $1.00 per ton and money at 8 per 
cent and 9 per cent, it is not financially practicable to develop 
the water power. In the other cases assumed, the development 
of the water power is feasible and profitable. These results are 
plotted in Fig. 3. 

The cost of coal will remain low, as the contemplated steam 
plant is assumed to be located immediately at the coal mines. 
The price of coal will tend to rise, however, and this, fact must 
receive consideration in the design of the power plants. The 
tendency of money rates will probably be downward as the 
country increases in wealth. An examination of the above tables 
and the curves sliown in Fig. 3 indicates clearly that, under the 
conditions assumed, the power plant should be designed for an 
ultimate extension to 100,000 kw., and that under the probable 
changed conditions, as stated, it will not be advisable to exceed 
this amount. 

Suggested Special Power House Design. In this connection, 
although it is removed from the purpose of these notes, ^ I 
wish to suggest a power station design which may be of use in 
the development of water powers with low operating heads. 
Direct-connected, water-wheel generators are now generally used 
in hydroelectric developments, but when the head is low, these 
generators become costly on account of the low speed and 
the large volume of water to be passed through them. The 
generators must have relatively small capacity as compared to 
those used in steam practise. Where the power development is 
large, the result is that the power house building and founda- 
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tions, as well as the water wheels and generators, become serious 
factors in the cost of such a power development. In the case 
used as an illustration, the power station must be from one- 
quarter to one-half mile in length, according to the size of the 
generating unit used, and this is a serious factor in the cost of 
development. In the accompanying drawing, Fig. 4, the sug¬ 
gestion is made to place a simple protecting building over the 



Fig, 4 Cross Section of Power House—Mississippi River Power 
Development—Rock Island Rapids 

operating room^ and to place the switching gear, transformers, 
etc. in a substation building on shore, the power house being used 
simply as a generator room. Instead of building a high and 
costly structure to support and contain the crane, an external 
gantry crane is used and the apparatus in the station is reached 
through removable transoms in the roof. This method of de¬ 
sign greatly reduces the cost of the power station construction. 
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There are obvious objections to reaching the apparatus through 
transoms, especially in bad weather. But a unit out of com¬ 
mission is but a small proportion of the total, and during a large 
part of the year there are many spare units. It is believed that 
the reduction in the cost more than offsets any possible incon¬ 
venience in making repairs. 

Load Factor, The effect of a reduction of the load factor 
below the 100 per cent used in this illustration will be to increase 
the number of days per year during which a water wheel must be 
operated in order to justify its installation. On the other hand, 
if pondage is available above the dam, the kilowatt capacity 
which can be installed will be increased. The object of this 
paper is to indicate a method of solution for such problems, 
rather than to solve the various problems connected with water 
power developments. The necessary changes are readily made 
to adopt the formulas to any load factor desired. The method 
of solution is then the same as has been used. The kilowatt 
capacity curve on the flow sheet must be reconstructed to adapt 
it to the storage capacity which may be available above the dam. 

Reserves. The reserve generating units for obvious reasons 
should be placed in the steam plant. An entire spare circuit 
should be provided in the transmission line as a reserve, and a 
reserve set of transformers should be provided in the substation. 
These reserve factors will appear as constants in the formulas 
expressing costs, and hence do not enter into the problem of the 
determination of the most economical development of the water 
power. 

Other Uses of Formulas. Formulas such as have been shown 
can be developed for water powers of high head, and also where 
storage reservoirs are available. The capacity that can be 
economically installed in such developments is frequently much 
above preconceived conceptions. Similar formulas can be de¬ 
veloped for existing power plants of various kinds and efficien¬ 
cies, and one of the most satisfactory results of a study of the 
possible combinations of such plants is, that unless the apparatus 
installed in a plant is unusually inefficient, practically all plants 
have their economical place and can be efficiently used. In 
extreme cases, however, the resulting economy is negligible. 
The formulas can be used to determine whether it is best to 
change the frequency of a generator or to use frequency changers 
to obtain the desired result; also whether it is better to change 
an inefficient generator for a more efficient generator or to use 
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the inefficient generator on the peak. The solution of this 
problem gives the peak the generator should be allowed to carry 
and beyond which it should not be operated. Jn fact, these 
formulas can be used in determining practically all questions of 
power house design and operation which confront the designing 
and operating engineer. With the costs expressed in this form, 
the estimates of cost at other load factors and under changed 
conditions are quickly and readily made, and with the assurance 
that they are correct, for, in the last analysis, they are but 
interpolation, or pro rating, formulas obtained from established 
costs. 

Financial Efficiency 

Financial efficiency might be defined as the greatest earning 
power of a dollar. This may or may not be a controlling factor 
in a water power development, although it is believed that as a 
matter of good policy it should not be. It is conceivable, for 
instance, that in the long run, it might serve better in an initial 
development to earn 10 per cent on $200,000 than to earn 20 
per ceilt on $100,000. Besides, the excess profit tax list might 
be the only beneficiary of the higher rate of return. The present 
notes, however, are concerned only with the explanation of a 
method to determine the best point of development, although 
this may not be the point where the dividend rate is the largest 
on the investment. It determines the point, however, where 
the enterprise is safe from competition, for the reason that the 
cost of production is a minimum. 

By-Product Plants 

It is feasible to use gas instead of coal in the production of power 
in the auxiliary steam plant. In most cases gas can be burned un¬ 
der boilers with better results than in gas engines, on account of the 
low cost and high efficiency of the modern steam turbine. It is 
now possible to obtain from all bituminous coals, whether cok¬ 
ing coals or not, by-products of great value, by the use of either 
producer gas or coking plants. In many cases the sale of the 
by-products will pay all the costs of the by-product plant, in¬ 
cluding the cost of coal. The gas for use in the steam power 
plant will be a surplus product, or an additional profit, which 
can be added to the profits of the enterprise. Such by-product 
plants should receive careful consideration in the design of such 
a power system as is here described. 
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Conclusion 

From the above results, several general propositions can be 
laid down as to the development of water powers. 

Where a market for the power is available or can be crea¬ 
ted, practically all water powers should be developed beyoiid 
the minimum power available, and hence all water power plants 
require steam plants in connection with them. 

Water power plants are most valuable when developed 
in connection with steam plants, ap.d the development should 
be carried to the point where the best results can be obtained 
in combination with such steam plants. 

The point of economical development of the water power 
is increased in capacity as the operating costs of the steam plant 
are increased, such as are due to the increased cost of fuel and 
labor. 

The point of economical water power development is de¬ 
creased as the value of money increases. This is true in general, 
although there are exceptions in the case of water powers with 
high heads. 

The general tendency of coal and labor and other items 
entering into the operating cost of a steam plant is upward, and 
as the world increases in wealth the tendency in the value of 
money will be downward. These factors should be kept in 
mind in planning the development of a water power and ade¬ 
quate provision should be made for the possible extension of 
its capacity. 

The increase in the efficiency of steam turbines and the 
construction of steam plants at the coal mines both operate to 
make it difficult to profitably develop water powers, especially 
. those with low head, where the first cost is relatively high. The 
development of all possible water powers should be encouraged, 
both for the conservation of the fuel supply and the economical 
advantage resulting from the use of power in our industries. 
It is, therefore, important that all rights essential to the de¬ 
velopment of water power and transmission projects should be 
given power companies, to the end that the cost of development 
should be reduced and many serious difficulties now encountered 
removed. Any policy under which additional burdens are im¬ 
posed upon water power developments, whether by the govern¬ 
ment or other authority, is against the true interests of the 
public and contrary to the best utilization and preservation of 
our natural resources. On the contrary, if a plan could be 
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devised so that government funds at low interest rates could be 
used for such developments, similar to the plan used in the 
construction of the New York subways, the development of 
water powers would be greatly facilitated and the financial 
values created would react to the great advantage of the govern¬ 
ment. 
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Discussion on “Economical Combination of Water Power 
AND Stbam Plants and a Convenient Method of 
Solution,” (Putnam), New York, June 28, 1917. 


H. R. Summerhayes: Some time ago Dr. Steinmetz brought 
out the idea that the induction generator on account of its 
simplicity could be used to a greater extent in the development 
of water power plants as auxiliary apparatus. That has actually 
been done in one or two cases, and there is one case with which 
I am familiar in the State of Washington in which a 1700-kw. 
induction generator has been installed directly connected to a 
water wheel, and perhaps a mile and a half or two miles 
from an already existing plant on the same river and using the 
same water. That machine operates without an attendant, 
it is connected to a step-up transformer that feeds into the same 
transmission line, and they set the gate at a certain point_ which 
will give the desired quantity of water at that time, and it runs 
at that load until they want to change. The patrolman starts 
it up when it is desired and then goes away. The machinery is 
very simple and operates without any attendant at all. There 


is no governor on it. 

The machine is designed so that it will stand every speed, 
including maximum speed, which it may attain in case the 
load is pulled off, and I believe that while the induction generator 
is not suitable for all installations that it should be looked into 
more carefully for auxiliary plants of that sort, as it is very 
valuable in such cases. A good deal of money can be saved in 
that way. That machine, by the way, has been found to 
operate without any synchronous machines; that is rather a new 
point. When they start it up it runs in parallel with synchro¬ 
nous machines which supply the exciting currents, but it has 
been found, in some cases, when the synchronous machines have 
been pulled off the line by a momentary short circuit that the 
induction machine will excite itself from the capacity of the 
line—there happens to be plenty of line capacity and will go 
on supplying the load. The frequency, of course, will be de¬ 
termined by the amount of load in reference to the gate opening. 

There is another way of cheapening a water power plant. 
Mr. Putnam suggests a very simple construction of generator 
station. Now, it is possible to omit the roof altogether and 
make a generator that will run out of doors, just have the 
generators and no roof at all, just a crane and possibly a shed 
into which the crane can transport parts of the generator for 
repairs. Such a station has been planned, but I do not believe 
it has ever been constructed. 

H. S. Putnam: It is not very generally appreciated tnat 
the load on an electric power system, such as _we-have in New 
York and most of the electric light companies, has ^ 
factor in the neighborhood of 40 per cent. O^e-half of 

the load is at a load factor of kw 

cent, and for every load of 100,000 kw., about 50,000 kw. 
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will be operated with a load factor of approximately 15 per 
cent on the peak, and that some apparatus in the station 
will only operated for one or two hours a day dur¬ 
ing the Christmas holidays. A water power plant can carry 
the short peak much more economically than a steam power 
plant can. In the next place, the annual interest on the capital 
investment is less in the case of a water power plant than in 
the case of a steam power plant, as shown in the case cited of the 
low-head development. The figures for the steam power plant are 
given under ‘‘Estimated Costs,” and there the cost of the steam 
plant is shown to be $4.06 per kw. The cost is shown to be 
$3.85 per kw. for the water power plant, which shows that even 
in that case the short peak can be carried more economically on 
the water power plant than on the steam plant, and adding to 
that the cost per kw-hr., for each kw-hr. developed on that peak, 
it can be seen that the water power plant is more valuable for 
operation on the peak than it would be to use the steam plant 
there; in other words, these figures show at once that wherever 
water is available for the operation of a water power plant, 
that plant is to be operated rather than a steam plant. 

In the case of the ordinary high-head development, the cost 
of water power is greatly reduced per kilowatt, and ordinarily 
runs from $1.50 to $2.00, instead of the $3.85. 

In general I w^ant to add,—that outside of Niagara Falls and 
a few of' the Western developments, where large amounts of 
power are available, in most of the water powers in the East and 
especially those with low heads, the main function of the water 
power plant is to save coal. Every power plant requires a 
reserve capacity to be installed in order to make sure that the 
service is reliable, and every water power plant, when the water 
is available, should be operated to the fullest extent. I think 
the conclusion is, where there are reserves, the reserve should be 
in the steam plant. The steam plant may be large enough to 
supplement the water power plant at times of low water. But 
in times of flood the steam plant, to supplement the water 
power, must be very close* to the same size as the water power 
development, so that the reserve steam plant will equal the 
water power plant in capacity in most cases. In that case the 
steam plant can carry the load by itself, and the water power is 
used to produce kilowatt hours for the economy in coal and 
labor. 
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COOLING OF OIL-IMMERSED TRANSFORMER 
WINDINGS AFTER SHUT-DOWN 


BY V. M. MONTSINGER 


Abstract of Paper 

The 1916 A. I. E. E. Rules require that the temperature rise of 
transformer windings' be observed by the resistance method. 
Since the measurement of resistance usually requires considerable 
time, there is always a drop in temperature between the instant 
of shut-down and the time of observing this resistance measure¬ 
ment. There are three general methods of determining the 
temperature at shut-down. These are: 

1 . To take a cooling curve and extrapolate back to the instant 
of shut-down. 

2. To use an arbitrary correction. ^ 

3 . To calculate the rate of cooling. The usual theoretical form¬ 
ula for calculating the cooling @-f a body is notin a convenient form 
for practical use. Furthermore, the conditions in a transformer 
are generally such that it would be difficult to apply. However, 
it is shown in the paper thht the cooling of oil-iminersed trans¬ 
former windings, for a limited time (four or five minutes) after 
shut-down, is approximately-a function of the watts per lb. of 
copper, and that when it is necessary to make calculations, 
accurate results can be obtained by this partially empirical 
method than by attempting to use the theoretical formula. 

Under “Conclusions'’, the general advantages and disadvan¬ 
tages of each method are given. . • 4 . 1 . 

In the Appendix are developed' certain formulas used in tne 

paper. 


Introductory 

I T IS standard practise today to rate electrical apparatus at 
its maximum continuous capacity. When the rating is limi¬ 
ted by temperature (as most transformers are) the insulation or 
some part of it is operating close to the danger point. For 
this reason, it is important to know more accurately the average 
temperature of the windings than it has been in the past wheq 
it was the practise to make the temperature guarantee for two 
different loads; namely, full-load followed by a short-time over¬ 
load. 

The A. I. E. E. Standardization Rules recognize three general 
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methods of determining the temperature of electrical apparatus. 
These are: 

Method No. 1: Thermometer method (Section No. 345). 

Method No. 2: Resistance method (Section No. 348). 

Method No. 3: Embedded temperature-detector method 
(Section No. 352). 

Due to the fact that transformer windings are usually in¬ 
accessible for thermometers and less accessible for temperature 
detectors than are generators, motors, etc., the A. 1. E. E. Rules 
(Section No. 351) specifies that the temperature of windings of 
transformers is always to be ascertained by method No. 2— 
resistance method. However, it is stated that in the applica¬ 
tion of method No. 2, careful thermometer measurements must 
also be made whenever practicable to increase the probability 
of revealing the highest observable temperature. The use of 
thermometers in determining the ^^hottest spot’’ in the windings 
of transformers applies almost exclusively to air-blast or natural 
draft rather than to oil-immersed transformers. 

The foot note to Section No. 348 in the A. I. E. E. Standardi¬ 
zation Rules states: 

Whenever a sufficient time has elapsed between the instant of shut¬ 
down and the time of the final temperature measurement to permit the 
temperature to fall, suitable corrections shall be applied, so as to obtain 
as nearly as practicable the temperature at the instant of shut-down. 
This can sometimes be approximately effected by plotting a curve, with 
temperature readings as ordinates and times as abscissas, and extrapo¬ 
lating back to the instant of shut-down. In other instances, acceptable 
correction factors can be applied. In transformers of 200 kv-a. and less, 
the measured temperature shall be increased one degree for every minute 
between the instant of shut-down and the time of the final temperature 
measurement, provided this time does not exceed three minutes. 

In cases where successive measurements show increasing temperatures 
after shut-down, the highest value shall be taken. 

In observing the temperature of transformers by means of 
change in resistance, there usually is a sufficient lapse of time 
to permit an appreciable drop in temperature. In practise this 
drop ranges from a fraction of a degree to several degrees per 
minute, hence it becomes highly important to know the extent 
of it. 

. While the cooling-curve method is fairly reliable, commer¬ 
cially it is not always practicable. Furthermore, it is desirable, 
from the manufacturer’s standpoint, to have some method 
whereby for designing purposes, one can predetermine the fall 
in temperature for various intervals of time which a cooling 
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curve does not give until after the machine has been designed 
and tested. 

It is the purpose of the writer to discuss from a theoretical stand¬ 
point the cooling of oil-immersed transformer windings after load 
has been removed, and to show that the cooling in degrees of the 
average type of oil-immersed winding for the first four or five 
minutes after shut-down is approximately a function of the loss 
expressed in terms of watts per lb. of copper. In other words, it 
is shown that for practical purposes, the cooling can be calculated 
for a limited time after shut-down without considering either the 
thermal capacity of the insulation or the initial temperature 
rise of the winding. If we can neglect these two factors, it is 
obvious that the process of calculating the cooling is greatly 
simplified as compared with the usual method of calculations by 
considering the thermal capacity of the mass and its initial 
temperature rise. 

It is the difficulty, for the usual transformer winding compli¬ 
cated by oil ducts, etc., of determining accurately the above 
two factors, especially the initial rise, that makes it difficult to 
calculate the cooling by the usual theoretical formula. For 
instance, for a transformer winding with numerous oil ducts, 
the temperature of the surrounding medium or ambient temper¬ 
ature is that of the oil in the ducts and of the oil surrounding 
the coil stack. While the oil surrounding the coil stack no 
doubt remains fairly constant for the first five minutes after 
shut-down, the oil in the ducts is moving through, just after 
shut-down, at th'e same rate it was before shut-down. Since 
this moving oil is influenced by the temperature of the coils, 
and since the temperature of the coils is decreasing after shut¬ 
down, the temperature of this oil in the ducts is also decreasing. 

In other words, if we consider the temperature of the oil in 
the ducts as the ambient temperature, we have here a constantly 
decreasing ambient temperature which would be troublesome to 
deal with in making calculations. On the other hand, if we 
consider the oil surrounding the coil stack (i.e., neglecting that 
in the ducts) as the ambient temperature, we must take into 
consideration the thermal capacity of the oil in the ducts. 
This also would be difficult to do because as stated above, this*' 
oil is not stationary. However, in the case of a single coil im¬ 
mersed in oil where conditions are not complicated by oil ducts, 
fairly accurate calculations can be made by the use of the usual 
theoretical formula, 
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Calculation of Cooling by Theoretical Formula 

When loss of heat energy is proportional to temperature rise 
the cooling of a body takes place according to a ^^die-away’^ 
curve which is expressed by the formula 

dt = do (1) 

in which 

dt = temperature rise at any time t of the body over its 
ambient temperature. 

00 = initial temperature rise or rise at shut-down. 

€ = base of Naperian logarithms. 

/3 == time constant. 

Equation ( 1 ) is based on the assumption that the rate of heat 
dissipation, i.e., the cooling, is proportional to the temperature 
rise. It is shown later that this assumption is not quite correct 
for oil-immersed windings, for the reason that the rate of heat 
dissipation is seldom if ever a direct function of the temperature 
rise. A formula is developed in the Appendix for the condition 
where the loss of heat is not proportional to the temperature 
rise, but equation ( 1 ) is usually accurate enough for practical 
purposes. 

Equation ( 1 ) may be put into a more convenient form by 
changing signs, adding 0o to both sides and then putting {do - dt) 
= 0, where 0 is the cooling in deg. cent. We now have 


e = do {I - e-^0 . (2) 

Differentiating equation ( 1 ) with respect to time, we find that 
when t = 0 the time constant jS is 

fi - initial rate of cooling 
^ ~ initial temperature rise 

Initial Rate of Cooling 

•The '‘initial rate of cooling” depends upon the thermal 
capacity of the body being cooled. Transformer windings con¬ 
sist mainly of copper and fibrous insulation. The thermal ca¬ 
pacity or energy in joules required to raise the temperature of 
copper one deg. cent, equals the weight of copper times the 
number of grams in one pound times the specific heat of copper 
times the number of joules in one calorie = W X 453.6 X 0.0935 
X 4.185 = 177.5 W, where W is the weight in pounds. The 
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rate of heat storage in copper which is the same as the ''initial 
rate of cooling” in degrees per minute is “ 0.338 Wc 


where Wc is the watts per pound of copper. 

The thermal capacity of most insulating materials by volume 
ranges from about i to | that of copper. Tests indicate that 
for most impregnated insulations the value of | is more nearly 
correct. For an insulated copper conductor or coil then, the 

initial rate of cooling = 0.338 Wc ^ — in which 


a = the cross-sectional area of the copper and 
A = the cross-sectional area of the copper plus the insulation. 
We now have 


/3 = 


0.676 


aW, 

A Cl 


do 


The above expression, of course, does not hold when the 
average temperature of the insulation is considerably lower than 
the temperature of the copper. This condition, however, sel-. 
dom if ever exists except probably for a few end turns (exposed 
to line voltage) in the windings of a transformer. 

Initial Temperature Rise 

It has been shown* that the temperature rise (same as “initial 
temperature rise” when considering cooling curves following con¬ 
stant conditions) of a tank surface in a gas (air) cooled by con¬ 
vection varies as the 0.8 power of the loss through a limited 
range of temperatures. This, or a similar law, seems to be 
universally true for all types of oil-immersed windings, although 
the exponential value depends to some extent upon the thick¬ 
nesses of insulation. The reason for this is that the temperature 
drop from copper to oil is composed of two components, • sur¬ 
face drop and drop through the insulation, the former of which 
changes more rapidly with a change in temperature than the 
latter. (Hereafter in referring to temperature drop through in¬ 
sulation, it will be expressed in deg. cent, drop when there is a 
flow of one watt per sq. in. through a distance of one inch of 
material. This is generally written “deg, per watt per m.^” 
*Trans. a. I. E. E., 1916. Vol. XXXV, Part I, p. 599. 
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when considering the temperature drop through a definite thick¬ 
ness and ^'deg. per watt per in,^” when considering the temper¬ 
ature drop of a surface.) 

Referring to Fig. 1, it will be noted that as the temperature 
increases from approximately 33 deg. in lower curve to 75 
deg. cent, in upper curve the surface drop from insula¬ 
tion to oil decreases from 6.7 deg. to 4.7 deg. per watt 
per in.2. Practically the same decrease is noticed in the sur- 



0 01 0.03 0 05 0.07 

INCHES 

Fig. 1—Surface and-Insulation Temperature Drops 

face drop from copper to insulation, while the drop through the in¬ 
sulation, for a change in average temperature from about 38 deg. 
to 110 deg. cent., is only decreased from 274 d^g. to 246 deg. 
per watt per in.^. The thickness of this insulation, 72 mils 
(0.183 cm.) is considerably greater than that used on most trans¬ 
former windings, so that this large drop through the insulation 
does not necessarily represent conditions as found in practise. 
The insulation, composed of 0.012-in. varnished-cambric strips 
one-in. in width, wound on butt joint, was made of sufficient 









1917] MONTSINGER: TRANSFORMER WINDINGS 717 

thickness to obtain an' appreciable temperature drop. By 
drawing a straight line through two internal temperature 
points, obtained by thermocouples, the inner and outer surface 
temperatures were determined. 

It is evident, therefore, that the value of the exponent in the 
equation of temperature rise vs. loss, will be less when the greater 
portion of the total drop is a surface drop than when the 
greater portion is a drop through insulation. 

Fig. 2 shows the value of the exponent (slope of line) to be 
0.7 when the suface of a coil is bare, and 0.9 when covered 
with six layers of 0.012-in. varnished cambric, and also 



Fig. 2—Temperature Rise of Oil-Immersed Winding 


0.9 with nine layers of varnished cambric. It is shown later 
that the value of the exponent is approximately 0.7 when a coil 

has a light insulation such as is generally used in practise. ^ 

It has been shown by Dr. Langmuir* that the convection 
of heat from a surface in a gas consists essentially of conduction 
through a film of stationary gas 0.177 in. (0.045 cm.) over the 
surface. A stationary film no doubt exists when heat energy is 
transferred from a surface to liquids. Very little, however, is 
known about this film, except that it exists, and for this reason 


*Physical Review May, 1912. 

Am. Electro Chem. Soc. April, 1913. 
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we have to depend upon experimental 'observations for deter¬ 
mining its thickness and its eflFect on the temperature rise. 

Thickness of Oil Film 

The best data at hand indicate that the thermal resistivity 
of transformer oil is approximately 250 deg. cent, per watt per 
in.^. Accepting that this figure is correct (which may or may 
not be very accurate) according to the surface drops in Fig. 1, 
(approximately 6 deg. per watt per in.^.) the indications are that 
the thickness of the stationary film of oil is 6/250 = 0.024 in. 
(0.061 cm.) This value, however, should be considered as 
merely approximate, since it may vary -somewhat for different 
conditions. Further work is required along this line to estab¬ 
lish more accurate data. 

Thermal Resistivity of Insulation 
According to Fig. 1, the average thermal resistivity of the 
insulation is 261 deg. per watt per in.^. However, the 
thermal resistivity of insulation as applied to electrical appa¬ 
ratus is by no means a constant value but may vary anywhere 
from about 200 deg. cent, for solid to 500 deg. cent, per watt 
per in.^. for loosely wound insulation containing oil or air spaces 
between layers. Generally speaking, about 250 deg. per 
watt per in.^. seems to be the value most commonly found* in 
practise for compact insulation coverings. 

Rate of Cooling as Affected by Thermal Capacity and 
BY Initial Temperature Rise 
It is obvious from the form of equation (2) that for a given 
initial temperature rise 0o, for a given mass of copper and a 
given loss, the greater the mass of insulation, the slower will 
be the rate of cooling. However, it should be remembered that 
in order to have the same initial temperature rise when insu¬ 
lation is increased, on, say a transformer winding, it is necessary 
that the watts per unit area exposed to the cooling medium be 
decreased sufficiently to compensate for the increase in tem¬ 
perature due to the added insulation. Otherwise an increased 
temperature rise will result. 

Instilation is usually used in transformer windings, in two 
ways; (1) by placing it on individual strands or conductors, 

discussion on Heat Paths in Elec Machinery, Symons 
and Walker, British Inst, of E, E., November, 1911. 



Lightly Insulated Coil 


Fig. 3—Coils Used in Determi 
ON Cooling Ai 
See Figs. 4 and 5 


PLATE XXXII. 

A. I. E. E. 

VOL. XXXVI, 1917 



Heavily Insulated Coil 

[montsinger] 

FG Effect of Coil Insulation 
n Shut-Down 

Cooling Curves 
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and (2) by placing it on individual coils. When the conductor 
insulation is increased, although the watts per unit area of sur¬ 
face arc decreased, the temperature rise is generally increased. 
When the coil insulation is increased, the surface loss is not 
usually affected and hence it follows that the temperature rise 
is always increased. 

On the whole, it seems fair to assume that when insulation 
is added to transformer windings, the surface loss per per unit 
area is not usually reduced sufficiently to neutralize the in¬ 
creased drop established in the insulation and an increased 
temperature rise results. Accepting this assumption, it is 



4_Cooling of Oil-Immersed Windings Shown in Fig. 3 (Average 

Oil Approximately 55 Deg. Cent.) 

obvious that when insulation is added to a winding, 
(although the rate of cooling immediately after shut-down 
is decreased), there must be a time when not oitly the rate but 
the actual cooling in degrees of this winding is greater than that 
for a winding with a lesser amount of insulation. This same 
effect is had when a transformer has very complicated oU ducts 
of such a nature to restrict the oil circulation and cause^ an 
increase in the temperature rise. For instance, it is obvious 
that for a given loss per lb. of copper, any factor which makes 
it more difficult for the coil to cool, and hence causes an increase 
in the temperature rise, also causes the rate of cooling to be 
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less for a short time after shut-down. The duration of this 
time seems to be from one to three minutes. Finally, it may 
be stated as follows: 

Any factor or set of factors which causes an increase in tem¬ 
perature rise for constant conditions ^ also causes a decrease in the 
rate of cooling for a short time after shut-down.^' ' 

Of course, after a time, the cooling necessarily becomes 
greater. 

For example, the effect of increasing the insulation on a coil 
(where the surface loss is not changed) on its rate of cooling is 
very well illustrated in Figs. 4 and 5. These curves give the 



Fig. 5—Cooling of Oil-Immersed Windings Shown in Fig. 3 (Average 
Oil Approximately 50 Deg. Cent.) 

cooling of two coils under identical conditions, excepting that 
one had heavy insulation and the other light insulation. Both 
coils wound on a foundation ring or cylinder, 40 mils in thickness 
and consisted of 0.2 X 0.055-in. edge-wound conductor with a 10.5- 
mil cotton covering, and over both coil surfaces were wound 15 
mils of binding tape. Fifteen to eighteen layers of 0.012 in.. 
v.c. was then wrapped on both the inside and outside surface 
of one coil, while the other coil was given no extra insulation 
(see Fig. 3). We might designate the insulation on the coils 
as '‘heavy” and “light”. According to curves in Figs. 4 and 5 
their cooling is as follows: 





1917] 


MONTSINGER: TRANSFORMER WINDINGS 


721 


Insulation 
on coil 

Watts 
per 
lb. cu. 

Approx, 
initial 
temp, rise 

Cooling in deg cent. 

1 

2 

3 

4 

5 

6 

7 min. 

Heavy. 

22 5 

56“ 

3.6 

7.2 

10.3 

12.9 

15.2 

17 3 

19 2 

Light. 

22.9 

20“ 

4.9 

8 1 

10.8 

12.8 

14.1 

15.3 

16.0 

Heavy. 

9.8 

33.5“ 

1.8 

2.4 

4.6 

5.8 

6.9 

' 7.9 

8 8 

Light. 

9.8 

11.5“ 

2.0 

2.4 

4.5 

5.3 

6.1 

6.7 

7.2 


The above shows that the cooling of the heavily insulated 
coil is at first less and then finally becomes greater than the 
cooling of the lightly insulated coil. ' The cooling of both coils, 
however, is approximately the same until four or five minutes 
after shut-down. The amount of insulation on the heavily in¬ 
sulated coil is somewhat exaggerated as compared with practise, 
but it illustrates the point in mind. 


Derivation of Pra.ctical Formula for Correcting Back 

TO Shut-Down 

The question, what is the rate of cooling for various watts 
per pound of copper, naturally arises. This can be calcu¬ 
lated by the use of equation (2) providing the initial 
temperature rise and the thermal capacity of the mass is 
given for a typical coil. As stated before, the true initial 
rise of windings over oil is difficult to obtain in an 
actual transformer, but can be determined for a single coil 
operating under a condition that the. surrounding oil temperature 
can be observed. According to the above reasoning, the cooling 
of this coil for a given loss and for a limited time should be ap¬ 
proximately the same when operating singly as when operating 
in a group of coils. 

In Fig. 6 is shown on logarithmic paper the temperature nse 
for various watts per square inch coil surface obtained by tests 
for constant conditions on a single transformer coil immersed m 
oil. A diagram is given showing the size of conductor (used in 
the coil) and its insulation. This line of temperature nse vs. 
loss, shows that the temperature rise vanes, as the 0.705 power 
of the loss. If we let equal the temperature nse for the above 
referred to coil, the equation of the line is 

00 = A IF.O-™® 


( 3 ) 
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in which 

K = constant = 5.2 

Ws = watts per sq. in. of surface (divide by 10). 



Wg-WATTS PER SQ. IN. COIL SURFACE 
(divide ty 10) 

Fig. 6—Temperature Rise of Oil-Immersed Winding 



Fig. 7—Sketch of Windings Used for Cooling Curves in Figs. 8 and 9 


At 25 deg. cent, the surface loss of a coil with rectangular or 
square conductors is expressed by 


W, = SA7 C^dns 10-^ 


( 4 ) 
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in which 

Wm = R P watts per sq. in. surface (neglecting edges of coil 
but including conductor insulation). 

C = current density in amperes per sq. in. 

d = depth of bare conductor in inches, in direction of flow 

of heat. 

n = number of conductors in direction of flow of heat. 

5 = conductor space factor at right angles to flow of heat. 



Pjg. S—Cooling of Oil-Immersed Disk Windings Shown in Fig. 7 

For coils with round conductors, the value of W» in (4) is de¬ 
creased in the ratio of 4 to tt, or 

w. = 2.725 X 10-’ Odns (6) 

At 25 deg. cent, the R P watts per lb. of bare copper (W"c) is 
Wc = 2.16 10"® (®) 
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Combining equations (3), (4) and (6), we have 
do = 7.27 {Wo d n 5)0-705 

Substituting the above value of do in equation (2) 


d = 7.27 {Wo dn 



0.0928 


o We t 
.A + a 


(Wo dns) 0.705 


( 7 ) 



Fig. 9—Cooling of Oil-Immersed Rectangul.^r Windings Shown 

IN Fig. 7 

Putting (from dimensions of conductor in Fig. 6) 

d = 0.3 
n =1 
5 = 0.5 

a = 0.0165 
A = 0.038 
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and changing 0.705 to 0.7 and increasing the value 7.27 to 7.35 
(to compensate for reduction of 0.705 to 0.7), we have 

0 = 1.95 (1 - ) (8) 



Fig. 10 —Cooling of Distributing Transformers 


in which 

B = cooling in deg. cent. 

= watts per lb. of bare copper. 



e = eddy current loss in per cent of R P- 
t = time in minutes after shut-down. 
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In Fig. 13 are plotted, from equation (8), the degrees cooling 
vs. different values of Wc for 1, 2, 3, 4, 5, 6 and 7 minutes after 
shut-down. 



MINUTES AFTER SHUTDOWN 

Fig. 12 —Cooling of Air-Blast Transformer 



Wc WATTS PER POUND OF COPPER (bare) 

Fig. 13 —Cooling of Oil-Immersed Windings—Calculated by 

Formula 

Table 1 gives the variation in degrees centigrade (+ or—) 
that these curves differ from the cooling found by tests, on 
various types of oil-immersed windings. 
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TABLE I. 

COMPARISON OF COOLING BY TEST OF OIL-IMMERSED WINDINGS WITH 
COOLING CALCULATED BY FORMULA (8). 


Self -0 r 
water-cooledl 


Kv-a. 


Self 


Water 


Self 


Water 


Self 


W ater 


Self 


Water 


Self 


200 

400 

1000 

750 

3000 

2500 

200 

433 

400 

135 

750 

450 

2000 

300 

300 

1000 

900 

750 

750 

1000 

750 

5500 

5500 

6000 

6000 

46 


62.5 

8.6 

17. 

62.5 

8.6 

46 


■ 1 

Deg. cent. 

Style of 
winding 

Variation of test from calculated cooling 

2 minutes after 
shut-down 

4 minutes after 
shut-down 


+ 


+ 

_ 

CyL 

0.5 


0.8 


Disk 


0.5 


0.7 

CyL 

0 

0 

0 

0 

Disk 

0.5 


0.8 


Disk 

0 


0.2 


CyL 


0.5 


0.9 

CyL 

0.8 


1.1 


Disk 

0.5 


0.4 


Disk 


0.7 


0.8 

CyL 

0.1 


0.1 


Disk 

0 

0 

0 

0 

Disk 


0.5 


0.4 

Disk ' 

0.0 


0.9 


CyL 

0.2 


0.6 


Disk 

0.4 


1.0 


Disk 


0.7 


0.8 

CyL 


0.2 


0.8 

Disk 

0.6 


0.7 


Disk 


0.2 


0 

CyL 

0.3 


0.6 


CyL 


0.5 

0.1 


Rectangular 

0 

0 

0.5 



0.2 


0.3 



0 

0 

0.5 



0.3 


0.5 


Regulator 

0.5 

0.1 

0.8 

0.2 

a 

0.3 


0.7 


) “ 


0.3 


0.4 

U 

0 

0 

0.7 


a 

0.2 


0.9 ' 



0.4 


0.7 



General Conclusions 

Regarding the three general methods of determining the tern 
perature at the instant of shut-down, as mentioned in the 
“Abstract”, the following may be said of each: 

1. Cooling-Curve Method. Practise has shown that generally 
this method is fairly reliable. In some cases, ^ 

liable to error, due to Ihe difficulty of being a^ble to extrapo affi 
back correctly. This is true when considerable time is req 
in obtaining the initial readings or when these rs re 
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influenced by inductance in the windings. At any rate, com¬ 
mercially, this method is not always practical due to the in¬ 
creased time required. 

2. Arbitrary Correction. The advantages of this method 
are simplicity and ease of application. The disadvantage is 
that it is liable to error. Generally speaking, for maximum 
rated water-cooled transformers, the copper loss will vary from 
about 6 to 25 watts per lb. If an arbitrary correction of say 
2 deg. cent, per minute is adopted, the following errors (plus or 
minus) are liable to be had for this particular type of apparatus. 


’ 

Minutes 

after 

shut-down 

Cooling in deg. cent, 
by curves in Pig. 13 

Cooling by 
arbitrary correc¬ 
tion of 2 deg. cent 
per minute 

Max. 

error 

6 watts 
per lb. 

25 watts 
per lb. 

2 

2.0 deg. 

8.0 deg. 

4 deg. 

4 deg. 

4 

3,5 deg. 

12.5 deg. 

8 deg. 

4,5 deg. 


In cases where machines operate on short-time over-loads, or 
on duty-cycle operation, the error would naturally be greater 
than the above. 

Again this method might put a premium on using high current 
densities. 

Providing the time does not exceed four minutes after the 
instant of shut-down, the following, however, seems to be about 
the general average rates of cooling for 

(a) Air-blast transformers (air shut off). J deg. cent, per min. 

(b) Distributing transformers (100 kv-a. and less) | “ 

(c) Self-cooled transformers (except (b) ). li “ “ “ '' 

(d) Water-cooled transformers. 2 “ “ “ “ 

3. Calculation of Cooling. (By formula (8) or by curves in 
Fig. 13). The advantage of this method is that it is fairly 
reliable and simple in application. In order to apply the for¬ 
mula, it is necessary only to know the watts {R P + eddy loss) 
per lb. of copper. 

The disadvantage of this is that in order to apply the formula 
or curves (Fig. 13) plotted from the formula, the current density 
and eddy loss must be known, which cannot be determined by 
test. 
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APPENDIX 

A.—Cooling After Shut-Down When Loss of Heat is 
Proportional to Temperature Rise 
Assuming that the' cooling is proportional to temperature 
rise, the following equation results 

■ = 

The solution of this is 

dt = doe-^^ ( 1 ) 

where 

dt = temperature rise at any time t after shut-down. 

00 = temperature rise at shut-down. 
jS = time constant. 

At the time of shut-down the rate of cooling in deg. cent, 
per minute of copper is 0.338 Wc, where Wc is the watts per 
pound. Differentiating (1). 

^=i3(9o€-'3‘ Wheni = o, e-^‘=l 
d t 

= /3 09 = 0.338 Wc 
d t 

oi' 0.338 Wc ^ initial rate of cooling ' 

^ 00 initial temperature rise 

;B—Cooling After Shut-Down When Loss of Heat is Not 
Proportional to Temperature Rise 

For this condition we have 


= ^ \ dt 


iinli_ iiLlL = fit + c 

1— n 1— n 
when ^ = 0, 00 = & C* = 0 

0,-»+i = 0o“”+^ - |3 i (l-«) 


Assuming that n = = 1-43 


(U 


+ 0.43 |8 t 
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C.— Surface Loss of Coil With Rectangular (or Square) 

Conductor 

Let W, = Watts per sq. in. surface, (both sides). 
d = Depth of conductor in inches (bare). 
n — Number of conductors deep. 

P 

s — Space factor = 

P = Width of conductor (bare) in inches at right angles 
to flow of heat. 

p^ = Width of conductor (insulated) in inches. 

I = Current in amperes. j 

C = Current density in amperes per sq. in. = jy 
I = length of conductor. 

Loss in watts X ^ 


Now 


W. = 


Area of coil in sq. in. 

^ RPXs 
2 PI 

Based on 0.6935 microhm per in. cube at 25 deg. cent., resist- 

0.008322 


ance of copper (conductor) = 
length. 


Then 


Ws = 


dp 

0.008322 P s 
d p 


ohms per 1000 ft. 


2p 12000 


Multiplying and dividing by d 

3.47X 10-7 pdns 




d^p^ 

= 3.47 X 10~7 C^dn$ 


D.— Watts per Pound of Copper 
The weight in pounds of copper per 1000 ft. 

= 3858 X cross section in sq. in. = 3858 d p. 
RP 


( 4 ) 


W, = 


3858 d p 


where R = resistance in ohms per lOOOJt. 


Wo = 


0.008322P 
d p 


3858 d p 
= 2.16 X 10-6 


( 6 ) 
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^iscxjssioN ON “Cooling of Oil-Immersed Transformer 
"Windings after Shut-Down’' (Montsinger), New York, 
June 28, 1917. 

S. McAllister: The author speaks of the difficulty of 
^bta.ining current readings when attempting to measure the 
^^sistance of the windings shortly after the transformer cools 
down, on account of the presence of the magnetic circuit. With 
given voltage impressed on the coil the current will reach 63 
per cent of its maximum value in a time equal to the time-con¬ 
stant of the circuit. If the voltage at the end of that time, which 
^Necessarily is very short, be immediately reduced from the initial 
yalne to 63 per cent of the initial value, the current will be 
itrimediately steadied. I do not see why one cannot adjust the 
impressed voltage to give, say approximately 10 amperes, and 
when the current reaches say 7 amperes, reduce the voltage to 
seven-tenths value, thereby eliminating all delay. There must 
be some reason why that is not done. 

V. M. Montsinger: That would necessarily involve a little 
more trouble in obtaining the resistance measurements than if 
We simply brought the current up to the 100 per cent point and let 
it become steady of its own account. I have never tried to see 
whether it would reduce the initial inductance if we brought 
the cnrrent up to 100 per cent immediately and then reduced it to 
exactly 63 per cent. In some cases, however, where the initial in¬ 
ductance was high, I have had the current brought, up as soon 
as iDossible to some value above the chosen value for measurement 
and then reduced to this chosen value, but in these cases the 
indnctance was so high that it took from one-half to one minute 
for the current to build up to say two-thirds of the final value, 
so that it does not seem that this method offers a complete so¬ 
lution of this trouble. I have found generally that it is an easier 
matter to close the switch and leave the current on about one 
minijite before taking the reading and then correct back to shut¬ 
down time by the formula. Unless the windings are for very 
heavy current, with the time required for disconnecting and con¬ 
necting on the resistance leads and allowing the one minute for 
the current to become steady, the resistance can be observed 
in about two minutes. In other cases, howeverit will require 
considerably more than two minutes. By following this routine 
we are always sure that the measurement is accurate so far as the 
current value is concerned, and for this reason we do not attempt 
to bnrry it along, but let it become constant of its own accord. 

F. F. Brand: Mr. Montsinger's statement that transformer 
windings in oil do cool appreciably after shut-down is a very 
important fact, both for the manufacturer and purchaser. Very 
fortunately, Mr. Montsinger has developed a method which is 
very simple for the manufacturer, at least, to apply. It is a fact 
that in modern transformers, particularly those of the artificially- 
cooled type, the windings usually operate at a fairly high current 
density, and therefore if it takes one or two or three minutes to 
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get an accurate reading of the resistance after shut-down, then 
the amount of cooling which the winding will go through in this 
time is quite appreciable, it may be five or ten degrees. If no 
correction were made, and a 'transformer gave a reading after 
two minutes which corresponded to 55 deg. rise, then actually 
that transformer, because it has cooled 5 deg. cent., is a 60 deg. 
transformer; that is, it is operating at a higher rise than the Rules 
of the Institute would allow, and furthermore, such a 60 deg. 
transformer should be 4 or 5 per cent cheaper than a 55 deg. 
transformer. 

The designer of the transformer, as well as the purchaser is in¬ 
terested in getting the true operating temperature at the time of 
shut-down, and I think the Institute Rules are at present some¬ 
what vague in specifying the method of correcting ‘back, and 
not making the correction back to shut-down mandatory by 
some approved method. Personally, I should like to see this 
method of Mr. Montsinger’s given in Fig. 13 approved by the In¬ 
stitute, and I would like to see the correction back to shut-down, 
after the load is taken off, made mandatory in the Rules by 
some approved method. 

A. S, McAllister: Assuming that the cooling curve is logarith¬ 
mic, the time-constant of that curve can be found from any 
section of the curve whatsoever. Taking any point as a starting 
point, follow down the curve to a point whose ordinate has a 
height which is 63 per cent of the height of the ordinate of the 
starting point.^ The distance between the two points expressed 
in time is the time-constant of that curve. The actual value is 


1 - 


= 1 ' 


2.7183 


= 0.632 


L. F. Blume (by letter): As increasing emphasis is being laid 
upon the influence of temperature and temperature rise in the 
determination of the rating of electrical machinery, Mr. Mont- 
smger s paper showing that an error of 10 per cent or more may 
be introduced in the determination of temperature rise if care is 
not exercised in taking the temperature at the instant of shut¬ 
down, IS worthy of careful consideration. Since in some in¬ 
stances it is very difficult to obtain an accurate cooling curve 
and extrapolate back to the instant of shut-down, a formula by 
^mich the shut-down temperature can be derived from an 
desfrabk ^ definite time after shut-down, is very 

o\ with the theoretical law of cooling (see formula 

* expressed in terms of the unknown factor, the 

initial temperatee rise of the winding above the surrounding oil 
temperature This rise is unknown, not only because the initial 
^ temperature is miknown, but also because the 
temperature of the cooling oil surrounding the winding is also 
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unknown. However, by the use of formula 7, Mr. Montsinger 
expresses the initial temperature rise above oil in terms of the 
constant of the coil, that is, in terms of pounds of copper and the 
dirnensions of the winding. This is quite permissible in view of 
the fact that equation 2 is a formula for obtaining a correction 
to an observed temperature, and considerable approximation 
may be introduced without materially affecting the accuracy of 
the final results. It is on this account that Mr. Montsinger can 
introduce into the formula the specific dimensions of an average 
transformer coil, thereby deriving formula 8, and apply this 
formula without great error to all kinds of oil-immersed trans¬ 


former windings. 

The only objection to using exclusively the method proposed 
by Mr. Montsinger, is the fact that its use requires a knowledge 
of the watts per pound of copper lost in the windings. From the 
point of view of the manufacturer, this offers no difficulty, but 
to the purchaser who wishes to determine by means of test, the 
operating characteristics of the transformer he is buying, it is 
objectionable, because this value cannot be obtained by test. 
In the latter instance, of course, the only resource would be the 
extrapolation method. 

It is evident, therefore, that both the extrapolation method 
and the semi-theoretical method given by Mr. Montsinger will 
find useful application in practise, and it is to be hoped that ^e 
Institute will see fit to recognize both of^ them as acceptable 
methods of determining temperature at the instant of shut-down. 

Walter C. Smith: The correction which Mr. Montsinger has 
derived, while, approximate, gives sufficiently accurate results 
for all practical purposes, and it is easy of application. He has 
pointed out that the arbitrary correction method leads to con¬ 
siderable error. Now, that is true, and particularly where high 
current densities are employed, such as in water-cooled trans¬ 
formers * it also naturally follows that an arbitrary correction 
leads to error where the elapsed time is considerable In the 
case of distributing transformers,_ say 200 kv-a. and below we 
rarely have either of these conditions. In the first place,_we do 
not use the extra high current densities, and secondly, it is easy 
to obtain the readings within one or two minutes at the most 
I therefore, feel that the Standards Committee have very wisely 
chosen the arbitrary correction for distributing transformers in 
formulating the present rules. The arbitrary 
simpler of application and is very accurate, when the reading 

taken a minute or two after shut-down. ^ -n • + i-Viat 
Referring to Dr. McAllister’s remarks, I will point out that 

while I believe his suggestion would no prove 

should consider the fact that even though g™ken 

reading the instruments down to practically zero, stilDt has 

a minute or two to make these connections on arg 

with heavy windings. Only those who 

this really appreciate how long it does take 
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heavy leads, put on the resistance connections and take the 
proper readings. A minute or two on a high current density 
water-cooled transformer means several degrees drop. 

V. M. Montsinger: Replying to Mr. McAllister’s point 
regarding the constant in the logarithmic curve. I_ agree with 
him that if we determine two points on the curve, as it decreases, 
that enables us to determine the time constant. However, in 
order to do that, it is necessary to take at least two points of a 
cooling curve, and if we should take two points, generally, it 
would not be so very much more trouble to take a few more 
points and extrapolate back to shut-down and use the cooling- 
curve method. 

There is one more point that I did not bring out in the presen-, 
tation, which I shall mention here. If we plot the “rate of 
cooling” as the ordinates on logarithmic scale, vs. “time,” 
divided into equal divisions (semi-logarithmic paper) and the 
base temperature does not change appreciably^ during the time 
of cooling, the points, if observed correctly, fall in a straight line. 
This method enables us to determine more accurately the true 
initial temperature than by plotting the “cooling in degrees” 
vs. “time” on co-ordinate paper. This is for the reason that if 
the first few points are erratic or high on account of inductance 
in the windings, it is almost impossible to extrapolate back 
correctly on co-ordinate paper, whereas in using the semi- 
logarithmic paper, if we have a few correct points, that is, enough 
to enable us to draw a straight line through them, it is an easy 
matter to extrapolate back. 
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TRANSMISSION LINE DESIGN 


BY F. K. KIRSTEN 


Abstract of Paper 

This paper contains a complete mathematical analysis of the 
forces which determine the location in space of a cable suspended 
from points of equal elevation, and gives the designer and con¬ 
structing engineer of a transmission line some useful working 
formulas based on this analysis. , . ^ , . 

Section A of the paper covers the derivation of the catenary 
formulas and contains a chart from which any catenary problem 
may be quickly and accurately solved. 

Section B contains an analysis of the influences of changes in 
temperature and cable load, resulting in formulas by the aid of 
which the magnitude of these influences in regard to changes in 
position of the cable and changes in stresses at any point of the 
cable may be accurately computed. The formulas derived 
it possible to plot a temperature-tension stringing chart to he 
used by the constructing engineer when stringing the cable at 

Section C is an investigation of the economic features in¬ 
volved in the proper design of the cable supports. _ A working 
formula is derived enabling the designer to determine the most 
economical span and corresponding height of tower. 

Solutions of typical design problems are given in each section 
of the paper demonstrating the use and manipulation of ail 
formulas derived. 


THE SPAN BETWEEN POINTS OF EQUAL ELEVATION 
(A). Mathematical Analysis of the Prerequisites for 
Equilibrium of Forces Acting on a Flexible Cable 
Only Supported at Two Points of the 
Same Elevation 

TIig ciirv6 P \ 0 P 2 iH Fig. 1 represents r C8<b)le suspended from, 
points Pi and P 2 of equal elevation. 

Assumptions: 

1. The suspended cable is a cylindrical solid with all elements 
of outer surface parallel. 

2. The suspended cable is of uniform texture. 

3. The suspended cable is perfectly flexible, that is, the inter¬ 
nal forces acting on every element of any cross'-sectional plane 
normal to these forces are equal in magnitude and their lines 
of action parallel to the axis of the cable. 

735 
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4. No other external force besides the force of gravitation to 
be the active force on the cable. 

5. The axis of the cable will assume the form of a curve 
Pi 0 P 2 in a vertical plane. 

Since the active gravitational forces are proportional to mass 
which is uniformly distributed along the axis of the cable, and 
since the two points of support are on equal elevation, there 
must exist a condition of symmetry of the shape of the curve 
Pi 0 P 2 with respect to a vertical plane midway between points 
Pi and P 2 perpendicular to the straight line Pi P 2 . This plane 
will be selected as the reference plane Y- F. The point of maxi¬ 
mum deflection of the cable from the straight line Pi P 2 must 
lie in this plane. A horizontal plane tangent to the curve 
P 1 OP 2 at the point of maximum deflection is chosen as the 



reference plane X-X. Thus, the point of maximum deflection 
of the cable is deflned as the origin for the rectangular coordi¬ 
nates X and y. 

Definitions with reference to Fig, 1 

I = half distance between points Pi and P 2 or half tower 
spacing. 

S = half length of suspended cable or half length of span. 
w = weight per unit length of suspended cable 
and y are rectangular coordinates of any point P on the axis 
of the cable. 

5 = length of curve between points 0 and P 
ds, dx and dy are increments of x and y respectively, which 
at the limit zero will bear the relation (dxfi + (dy)^ 
= (dsy. 
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H = tension on cable at point of maximum deflection. 

T 2 == tension on cable at point of support P 2 . 

T = tension on cable at point P, coordinates x and y. 

T' = tension on cable at point P', coordinates + ix and 
3 ; + dy. 

OL = angle between T and the X axis. 
da = increment of a or angle between T and T\ 

All stresses normal to the cross-sectional plane at any point 
of the cable are considered as concentrated on the axis of the 
cable and by assumption 3 act in the direction of the tangent to 
the axis at that point. 

Investigation 


For equilibrium of half span (see Fig. 1). 

= iJ 2 ^2 52 

If the point of support were moved to P without disturbing 
equilibrium, 

p = JJ2 q. ^2 ^2 

For equilibrium of length ds between points P and P (see 

T cos a — T' cos {a + i ol) (2) 

T sin a w ds = T' sin {a ^ d a) (3) 


At point P', 


( j >/)2 ^ £^2 ^2 + isY 


(4) 


From the geometric relation (right angle triangle) of forces 
given by equations (1) and (4), it is evident that 

TT ^ . dX ^ 

COS a = -p ; sin a = ; cos {a + dcx) = , 

sin {a + da) = (®) 

Substituting (4) and ( 6 ) into (2), 

r ydx 

H = \ + w^{s + ds)^ J ^ 


Letting H = wc, where c is a constant, and simplifying, 


dx __ 

ds ~ [C* 4- (5 + 
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But if ds approaches zero as a limit, at this limit ^ = s, 

therefore, 


dx _ c 

Ts “ + 

By integration, 

rd ? ® 

[^rqr^i = ^ log* (■^ + 

= C [loge(5 + [C^ + 52 ]i) - log^c] 





( 6 ) 


Equation (6) may be written 
/ = ^ 

c 

Or, 



( 7 ) 


= c sinh ^ ( 8 ) 

And for entire half span: 

S — c sinh — 
c 


Substituting (4) and ( 5 ) into ( 3 ), 

ws + ^ds = (5 + dsY\^ ^ 

ds 


Letting H = wc, where c is a constant, and simplifying, 

dy _ s + ds 

ds ~ [^2 + {s + dsy]i 

But if ds approaches zero as a limit, at this limit s + ds = s, 
therefore, 

dy _ s 
ds [c^ + s^]^ 
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By integration, 

>■ - j - ((<=■+ 

0 =[c^ + - C (9) 

Substituting (7) into (9) and simplifying, 

3, = £- ] - c (10) 

= c (cosh — — 1) (11) 

c 


Equations (10) or (11) are the equations of the catenary. 
From equation (1) the tension along the axis of the cable at 
any point F is 

r = 5^]^ 

= [c^ 5 ^]^ 

Hence: 

. H . = [^2 + 

w 

By substitution from equation (8), 

= ccosh — ^1^) 

W C 


For maximum deflection of entire span and maximum tension 
at the point of support of the cable, half the tower spacing^ 
must be substituted for x in equations (11) and (12), giving. 

=c(cOSh-^-l); ^ = CCOShI 

For preliminary computations of span characteristics or for 
computations of the characteristics of relatively short spans 
when maximum precision is not essential, approximations ot tne 
above formulas have found universal use. These approxima- 
tions are obtained as follows: 
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Prom Maclauriu’s Theorem: 


*'■ - 1 4- £. _L , 

+ c + J72 +J73 + c~4+' 


_ 1_^ _ _£^ . 

c ^0^12 I A' 


From the above series: 


X X 


__ c 

sinh - = -—~ = — + -h _ \- — A- ri'i^ 

c 2 c ^ ^ ^ c5 /5 ^ cV7 ^ ■ ■' ■ 


X X 


cosh 


X ^ +e 


= ' + r -^2 + ^4 + ^ 6 +. 


Since in practical line design the ratio x -f- c is less than unity, 
£_ _fL 

the terms ^ and e ^ form, when expanded, a rapidly converging 
series of which the sum of the first terms may be assumed to 
represent the sum of all terms in the series with sufficient ac¬ 
curacy. 

Substituting the first two terms of ( 13 ) into ( 8 ) gives 

" ' * + 6? 

Substituting the first two terms of ( 14 ) into ( 11 ) gives 

yp- 

y = rc ( 16 ) 

Substituting the first two terms of ( 14 ) into ( 12 ) gives 

^=c + ^^ = cA-y ( 17 ) 


Equation ( 16 ) is the equation of the parabola. 
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The catenary equation ( 10 ) in its exponential form may 
seem very complex as compared with the equation of the para¬ 
bola ( 16 ), and for that reason the parabolic forms have found 
great favor in designs which do not require extreme accuracy. 
However, the reluctance with which the practical engineer calls 
to his aid the catenary equations is entirely unwarranted for 
the reason that the exponential form may be converted into its 
equivalent expressed in hyperbolic functions by equation (11). 
A person, equally versatile in the use of hyperbolic functions or 
elementary algebra will undoubtedly make a choice in favor of 
equations (8), (11) and (12) where every possible variable 
appears without exponents, rather than choosing equations ( 16 ), 
( 16 ) and ( 17 ) where x appears with exponents ranging betw-een 
one and three. It would be absurd to use cumbersome equations 
resulting in approximations of actual conditions, if relatively 
simpler forms are available which yield correct results. 

In the following analysis the catenary equations will be used 

exclusively. 

Summary 

Th’e length of cable suspended between the point of maximum 
deflection and any point of support P is, by equation (8) 


X 

s == c siiih — 


The maximum deflection of a suspended cable measured wit 
reference to the elevation of any point of support P is, y 
equation (11) 

y c ^ cosh ~ - 1 ^ 

The tension per w units weight of unit length of cable acting 
along the axis of the cable at any point of support P is, by 
equation (12) 

P 1 ^ 

— = c cosh — 

W C 


In the above three equations 

X = projection upon a horizontal plane of the distance be¬ 
tween the point of maximum deflection and point 
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c - length of cable upon which gravitation acts with a force 
equal to the tension H at the point of maximum 
deflection. 

T = tension at point of support F ) expressed in the same 
w - weight per unit length of cable f unit. 

oc, y, s and c are all expressed in the same linear unit, which 
must also be the same as that used in connection with w. 
Solution of Problems. These last three equations show the 



concepts s, y and T w to he hyperbolic functions of x and c 
so that their magnitudes could be computed directly if both x 
and c were the given quantities in a problem of span design. 
Usually, however, c is not given since it is in reality a more or 
less fictitious concept and the solution of span problems, with 
any two of the remaining concepts given, is accomplished by 
trial methods. 

In|order to avoid the loss of time incurred by such methods, 
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Chart I has been devised from which, with any two of the five 
concepts given, the remaining three may be found at once. The 
chart is laid out on the basis of the decimal system to permit of 
easy interpolation. The concepts x and c, which forrn the 
hyperbolic argument, axe the abscissas and ordinates, respectively, 
of the s, y and T -i- w curves. 

Interpolation on Chart I. It can be easily demonstrated that 
any straight line passing through the origin (point 0) must be 
divided into intercepts of equal length by a set of hyperbolic 
curves the indices of which vary in arithmetic progression. For 
instance, the curves indexed y = 0.1, y = 0.2, y = 0.3... y = 0.9, 
y = 1.0 have indices which increase progressively by 0.1, and 



Fig 2 


in consequence any straight line passing through the origin will 
be divided by these ten curves into ten equal intercepts. It 
follows, then, that if each intercept of this straight line were 
again divided into ten equal lengths, the division points would 
be points on the curves y = 0.01, y = 0.02, y = 0.03.. .y = 0.99, 
y = 1.00. The same reasoning holds true for interpolation 
between the curves y = 1, y = 2, y = 3, y = 4,.. .y = 9, 
y = 10, and of the last set y = 10, y = 20, y = 30, y = 40, 
_y = 90, y = 100. Similarly this system of interpolation is 

correct for the s and T w curves. 

In order to be able to accomplish quick and accurate decimal 
subdivision of any length of line, it is suggested to trace Fig. 2 
on transparent cloth or paper for use on Chart I. Any one of 
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the parallel lines in Fig. 2 is divided into ten or a multiple of 
ten units of equal length. 

Example of Interpolation. It is desired to interpolate for s, 
y and T ^ w s, point P, coordinates c = 550, x = 54. 

Through point P draw a straight line to the origin 0. That 
this line P 0 is actually subdivided into equal sections by the 
curves indexed in arithmetic progression is most clearly shown 
by the intercepts between the y curves. The intercepts 0 A, 
A B, B C and C D oi the straight line formed by the curves 
y — l,y — 2, y = Z and y = 4 are exactly equal in length. The 
same holds true of the intercepts formed by the 5 and T -r- w 
curves. 

By placing Fig. 2 on the chart so that the two outside. radi¬ 
ating lines pass through points E and F and the parallel lines 
are at the same time parallel to line E P, point P is interpolated 
directly and corresponds to the magnitude .y = 54.1. 

Placing Fig. 2 so that the two outside radiating lines pass 
through points G and H and the parallel lines are parallel to 
G H, T w is read directly to be 553. 

In a similar manner y is read directly to be 2.65. 

Chart I is independent of any fixed conventional unit of 
length, weight or force and may be used with equal precision 
for the English system of foot-pounds or the decimal system of 
centimeter-grams. 

The use of the chart will now be demonstrated by the solution 
of two representative problems. 

Problem 1. A number of 40-ft. (12.1 m.) poles are to be used 
for supports of a line consisting of No. 00 hard-drawn, bare 
copper wires. The points of support on the insulators are 30 
ft. (9.1 m.) above the ground level when the poles are installed. 
The minimum clearance of the wire to the ground is to be 20 
ft. (6.0 m.), and the tension on the wire at the point of support 
is not to exceed 200 lb. 90.7 kg.f. 

What is the maximum permissible spacing of poles ? 

The weight per 1000 ft. (304.8 m.), of wire is 402.8 lb. (182.6 
kg.). If the pound is chosen as the unit of force and the foot 
as the unit of length, w = 402.8 1000 = 0.4028 and T w = 

200 -- 0.4028 = 496.5; y = 30 - 20 = 10. 

By interpolation between curves T w = 400 and T w — 
500 curve T ^ w = 496.5 is drawn. The intersection point of 
this curve and the curve y = 10 has the abscissa x = 98.3, 
which is half the pole spacing in feet. 
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Hence the maximum permissible pole spacing is 2 X 98.3 = 
196.6 ft. (59.9 m.). 

Problem 2. A l|-in. (38.1 mm.) steel cable is to span a river. 
The foundations for the anchor towers on both shores are 10 
ft. (3.0 m.) above the water level and a distance of 2000 ft. 
(609.9 m.) apart. The maximum tension on the cable is not to 
exceed 70,000 lb. (31,751.4 kg.). Weight of cable is 4700 lb. 
2131.8 kg.) per 1000 ft. Clearance between cable and water 
surface is not to be less than 50 ft. (15.2 m.). 

What is the minimum height of anchor towers? 

What is the length of cable between points of support? 

What are the vertical and horizontal components of the ten¬ 
sion on the points of support in the plane of the suspended cable? 

Half the tower spacing is 1000 ft. In order to bring this 
value within range of Chart I, the unit of length will be chosen 
as 20 ft. Hence x = 1000 20 = 50. For the same unit of 

length w = 4700 X 20 -4- 1000 = 94. Therefore T a- w = 70,- 
000 -i- 94 = 745. This value is within range of the chart. If 
this value had exceeded the range of the chart, the unit of length 
would have to be taken greater than 20 ft. 

Between the curves T a- w = 700jand P -i- w = 800 a short 
length of curve T a- w = 745 is interpolated near the line 
X = 50. The point of intersection of this curve with the line 
X = 50 has the ordinate c = 742. Now a straight line is drawn 
from the origin through point x = 50, c = 742 and this point 
interpolated on the straight line for y and for 5. 

Interpolation between curves y = I and y = 2 yields y = 1.68. 
Interpolation between 5 = 50 and ^ = 60 yields ^ = 50.1. 
Hence, 

Maximum deflection = y = 1.68 units = 33.6 ft. (10.2 m.) 
Length of cable = 2 s = 2 X 50.1 units = 2004 ft. (610.8 m.). 
Minimum height of anchor tower = 33.6 -h 50 - 10 = 73.6 

ft. (22.4 m.). _ _ _ 

Vertical component of tension on point of support — 

2 X 4.7 = 4720 lb. (2140.9 kg.) 

Horizontal component of tension on point of support in plane 
of cable = = 742 X 20 X 4.7 = 69,748 lb. (31,637 kg.). 

Average Tension on Cable Between Points of Support 
The tension at any point P from equation (1) is 
r = 5^]* 

=- 
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For the average tension along the axis of the cable the above 
expression for the tension at any point must be integrated be¬ 
tween the limits 0 and ^ and the result divided by Hence; 
the average tension is 

av. T = J" [c^ + ds 
0 

= -^ [^ y + -y- log« (s + [c2 + 

0 


w 

s 


y + -flog, ^ log. c 


w 

s 


(y + -y log. 


S+[c^ + 52 ]i' 


) ( 18 ) 


But by substitutions from equations ( 6 ) and ( 9 ), ( 18 ) becomes: 


av. T 


w r 

“2" L 




But from (8), 


s = c sinh — 
c 


and from (11), 


= c ^ cosh 


Therefore, 


av. T = 


t X , X 

c cosh-1- 

c . . X 
sinh — 


cw 

X 


X 

cosh — + — - 

C . ^ X 

sinh — 


( 19 ) 
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or, 


av. T 
w 


c 

2 


X 

, X , c 
cosh-- 

C . . X 

smh —'J 
c 


( 20 ) 


Here it is shown again that the ratio of the average tension 
on a suspended cable to its weight per unit length is a hyper¬ 
bolic function of and c. 

Attention is here called to the similarity of equations (12) and 
(20), For all positive magnitudes x and c, 


c 

c c — 


However, the smaller the value x, the more equal will be the 
above expressions until 


limit ( 

X = o\^ 


X 

c 


cosh + 

C • ^ 

smh — 


= c cosh — 
c 


At this limit, then 


cw = av. T — T 


But cw = H = tension at the point of maximum deflection. 

A very close approximation to formula (19) is obtained by 
using the average between the tension at the point of support 
and the tension at the point of maximum deflection: 


cw cosh 


£ 

c 


+ cw 


2 


cw 

T 




(B). Effect of Changes in Temperature on the Catenary 
Described by a Cable Suspended Between Two 
Fixed Points op the Same Elevation 
In the preceding investigation the concept w (weight per unit 
length of cable) has been treated as a constant for a given cable. 
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The above formula, however, does not take into account the 
change in cross-sectional area of the cable with the change in 
tension from Toto T. Since at constant temperature the volume 
of the cable remains constant, an increase or decrease in length, 
caused by a change in tension on the cable, is accompanied by 
a proportional decrease or increase, respectively, of the cross- 
sectional area of the cable. The concept A should be understood 
to represent the average cross-sectional area of the cable as its 
length changes from Tq to T. Or, if 

.4o = cross-sectional area of cable under initial tension. 

At: = cross-sectional area of cable under final tension, 

A -^0 “ 1 “ 

A -^ 

Equation ( 24 ) would then become 


In order to simplify equation ( 26 ) for future use, an approxi¬ 
mation 

= ( 26 ) 

will be substituted which is more accurate than equation ( 24 ), 
but which does not describe conditions quite as precisely as ( 25 ). 

If the strain is proportional to the stress, the total change 
in the length of a suspended cable is proportional to the change 
in average tension along the cable, or 


where 



av. To 
EAo ^ 


av, T\ 

eaJ 


( 27 ) 


av. Tq = initial average tension, 
av. r = final average tension. 

The relation 

~ Ax ( 28 ) 

expresses the constancy of volume of the cable subjected to 
different tensions av. To and av. T. 
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Although a change in tension produces a deformation of the 
cable, its total mass remains the same and, in consequence its 
weight per unit length must change in inverse proportion to the 
length of the cable, that is. 


-£i = ifl. (29) 

St Wo 

where 

Wo = weight per unit length of cable under av. To- 
Wr = weight per unit length of cable under av. T. 

Influence of Ice and Wind Loading. Usually the ^avitational 
forces acting on a suspended cable by virtue of its mass are 
augmented by a layer of ice on the cable at low temperatures 
and by the action of wind on the cable at all temperatures. 
The ice loading simply increases w which is a vertical downward 
force, whereas the wind pressure acts horizontally deflecting the 
cable from its position in a vertical plane to another position 
in a plane inclined to the vertical at an angle whose tangent is 


P 

w i 


where . , 

i = weight of ice per unit length of cable, i expressed in te 

p = wind pressure exerted on unit length 1 same uni 
cable with ice coating. > 

The resultant force per unit length of the cable acting down- 
ward in the deflected plane is 

Wi = [iw + iy + P'^\^ 

or the catenary described by the cable in 

the influence of ice and wind loading is equivalent to a catenary 
a vertical plane by a cable whose we,ght per un.t 

’“with“the knowledge of the influences which “ j* 

sujended cable in all climatic conditions, 

SSe tl rse"2 S:;T.iS: Sades described by the 

«le caten^---S 

described by a cable, the characteristics of which are spec fi 
by the manufacturer as follows: 
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Weight per unit length free from stress ^ ) iiieasured at 

Cross-sectional area free from stress. — A ) temperature t 

Modulus of elasticity. = E 

Coefficient of expansion. = a 

Maximum safe stress on cable. = T^ax 

Investigation of the records, furnished by the weather bureau 
located near the place where the cable is to be suspended, shows: 

Minimum observed temperature.... = 

Maximum observed temperature.... = ^4 

Maximum observed wind pressure.. = v units per unit area 

normal to direction of 
wind. 

1. Catenary Covering Conditions at Minimum Temper¬ 
ature; Cable Under Ice Loading and Wind Pressure 


Note: All concepts characteristic of conditions specified in the head¬ 
ing of this section will appear with the subscript 1. 

The maximum stress acts on the cable at the point of support, 
when the temperature is a minimum, and when at the same 
time the cable carries its maximum ice and wind load. From 
equation ( 12 ) this maximum stress is 

max Ti == wi Cl cosh — (31) 

Cl 

The magnitude max in equation (31) is given in the speci¬ 
fications and the equation could be solved for any argument 
X -T- Cl if Wi were known. The magnitude of Wi, is determined 
as follows: 

Due to a change in temperature from t to ti,w changes accord¬ 
ing to equations ( 21 ) and (23) to 


%u' = 


w 


I — a[t— 


(32) 


At the same time the cross-sectional area A changes according 
to equation (22) to 

A' = A ( 1 - a[t- ti]y ( 33 ) 

Now let it be assumed that the cable receives its ice loading 
and is strung under a wind pressure v so that the tension at the 
point of support is maxT"!. On account of this tension the weight 
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per unit length again changes according to equations ( 27 ) and 
( 29 ) to 


where 


w 
av. Ti 
EAi 


( 34 ) 


av. Ti = average tension along span corresponding to max Ti 
at point of support. 

In order to simplify computations for the ratio max Ti-^EA ' 
will be substituted for the ratio av. Tt EA i in equation ( 34 ). 
max TI and A' are both slightly greater than av. Ti and A i, respec¬ 
tively, however, their ratios are practically identical. In the 
case of very long spans this approximation would slightly in¬ 
crease the factor of” safety for cable stress, which is a desirable 
feature. Equation ( 34 ) is changed to 


max Ti 
EA' 


( 36 ) 


From equations ( 28 ) and ( 29 ) 


Ai 


w" A' 
w' 


( 36 )' 


Let the thickness of the layer of ice be a all around the cable, 
then the volume of ice per unit length of cable is 

^ (2[4i]* + 2 a)- + 2 [As]*) 


and the weight of ice per unit length of cable is 


i — UTT a {a 2 ^ 

where 

u = weight per unit volume of ice. 

The maximum force exerted by the wind on unit length of 
cable with ice envelope is 


( 38 ) 
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With a given wind velocity the wind pressure acting on a 
cylindrical body of unit length is here assumed to be the same 
as the wind pressure acting on a rectangular plane of unit 
length and of width equal to the diameter of the cylindrical 
body, provided that the inclination to the direction of the wind 
of the axis of the cylinder is the same as that of the plane of 
the rectangular surface. The result of the slight error in this 
assumption is an increase in the factor of safety for cable stress. 

The resultant, equivalent weight per unit length of catenary 
in an inclined plane is, according to equation (30) 

wi = [(w"+ iy + ' (39) 

where, from equations (32), (33) and (36), 


w E A (1 — g [/ — i^i]) 

EA (1 — a[t— /i])^ + max T i 


(40) 


and from equations (33), (35), (36) and (37), 


i = u TT a]^ + 2A {I — a[t — j^i])^ 

( TT [E ^ (1 - O' [/ - ti]y + max TJ ) ] 


and similarly: 


p = 2v 


[“ 

( 


+ A (1- a [(- <i])2 

_ £ _ 

T[£A(l-a[i- h])‘ + max Tj] 



(42) 


The actual average cross-sectional area of the cable, not in¬ 
cluding ice covering, is from equations.(33), (36) and (36), 


£A^ (1 — a [(— 

£A (l-a[i- ^i])2+ maxTi 


(43) 


Equation (31) can now be solved for any argument x -r- ci 
since max Ti and wi are given in terms of the manufacturer’s 
specification and in terms of the minimum temperature and 
maximum wind pressure. 
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Equations (41)' and (42) seem rather elaborate in view of the 
arbitrary assumption of the thickness of the ice envelope, but 
for the sake of accurate comparisons between the characteris¬ 
tics of cables of different size or material, exactly the same as¬ 
sumptions, however arbitrary they may be, should hold for all 
cables to be compared. So, if it is not a question as to what 
kind of a cable to use for certain span requirements, the ap¬ 
plication of approximations which greatly simplify equations 
(41) and (42) is justified. The substitution of A iot A i in these 
two equations would yield a permissible approximation in the 
form of the simplest expressions for i and p. 

Prom equation (8) 


X 

= Cl sinh — 

(44) 

Cl 


and from equation (11) 


yi = Cl (cosh - l) 

(45) 


Equations (31), (44) and (45) completely describe the catenary 
for minimum temperature with wind and ice loading. 

II. Catenaries Covering Conditions From Minimum Temp¬ 
erature TO THE Freezing Point; Cable Under Ice 
Loading and Wind Pressure 

Note: All concepts characteristic of the range of 
fie'd in the heading of this section will appear with the subscnp . 

It is assumed that the total weight of the 
remains constant as the temperature increases ^ ^ 

freezing point h. At the freezing point it is assumed that no 
Sa”® blowing’, thnt, however, on account of th. 
the atmosphere a greater aceumulation of snow h 
possible, resulting in the same total weight of , 

the freezing point, then, the catenary lies in a vertica p • 
“heli^perature change from to h without a a^nj m 
tension and w^, then, according to equation (21), i g 

and, according to equation (22), 

On account of the change in ''''!™<(fat“rp- 

at temperature (. (av. rO changes to the average tensio 
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erature^2 (av. 7'2), and according to equation (27) the length 
changes to 


S2 


= ( 


^ av. Ti . av 

EAx'^ 


av. TA 

EA, ) 


(48) 


From equation (8), at temperature h, 

X 

S 2 = C 2 sinh — 
C2 


(49) 


and the average tension, according to equation (19) is. 


av. T 2 


C 2 W 2 

“2” 




, X . C2 

cosh-1- 

L sinh — J 


(60) 


At temperature h the average tension was 


av. Ti 


Cl Wi 
2 


cosh 


X 

Cl 


X 

Cl 


sinh ■ 


Cl 


(61) 


Although the tension has changed fromav. Titoav. T 2 , the vol¬ 
ume of the cable remains constant, or, 


Hence, 


-^ l ' — S2 -^.2 


A 2 = 


Si' Ai' 
S2 


(62) 


Prom the assumption that the total weight of the suspended 
cable remains constant, 


Wi = S2 W2 


Hence, 


W 2 


Si Wi 

S2 


(63) 


Substituting equations (46), (47), (49), (50), (61), (62) and (63) 
into (48), 
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C 2 sinh - 


C2 


Siil + a[U-h]){ 1 


Wi Cl 


2EAi{l+a[h-h]y 


WiC^ 


2EAiilA’OL [/2—^i])' 


cosh 


= Si (1+0! [/2—^J) “ 


Si Wi Cl 


2EAi (1+0! [t2— h]) 


Wi C2 


cosh 


' 2£^i(l+a[^2~-^i])^L 
Dividing both sides of above eqtiation by x: 


5h— 

Cl 

+—^ 
sinh — 

Cl 


X 

X 

C2 

C2 

sinh—- 
Co 


X 

1— ^ 

Cl 

Cl ^ 

sinh— . 
Cl 


X 


L ^ 


sinh — 


C 2 


sinh — 

_ ^ 

X 

C 2 


Si 


(1 +a[/2“" ^ij)" 


Si Wi 

-cosh— 

n 1 

- 

2 E Ai (1+0! [^ 2 —^i]) 

X 

Cl 

T 

sinh 

X 


"cosh— 

C 2 

, 1 

-1 

2EAiil+a[t2-k]y 

X 

C2 

T 

sinh ■ 

X 

C 2 


m 


By substituting for h in equation (54) values ranging between 
h and the freezing point, any catenary within that range of 
temperature can be computed, provided that the equivalent 
weight per unit length of suspended cable remains constant. 
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III. Catenaries Covering Conditions From Minimum 
Temperature to Maximum Temperature; Cable 
Not Subjected to Either Wind or 
Ice Loading 

Note: All concepts characteristic of the range of conditions speci¬ 
fied in the heading of this section will appear with the subscript J 
for the catenary at the minimum temperature and with the subscript 
4 for all other catenaries. 

It is now assumed that at the minimum temperature h the 
ice and wind load is removed from the suspended cable, thereby 
changing the total weight of the span from Wi to Wz S 3 . Un¬ 
der ice and wind loading the total equivalent weight of the 
cable is wi Si, while the total weight of the cable alone is si 
which is the total mass of metal suspended between the points of 
support. Since the total mass of the cable does not change, 

S3 Wz — Si w^' ( 65 ) 

The average tension under ice and wind loading was 


av. Ti = 


but|has now changed to 


av. Tz = 


Cl Wi 


Cz Wz 


cosh — + 

Cl 


cosh — + 
Cz 


X 

Cl 


sinh — 

Cl 

X 

Cz 

sinh J 
Cz 


( 66 ) 


The change in tension produces a change in length of cable 
from Si to S 3 . Expressing this change in length as per equation 
( 27 ): 


^3 = 




av. Ti av. Tg \ 
EAi EAs ) 


( 67 ) 


From equation(8), 

•^3 = C3 sinh -A. 

ca 


( 68 ) 


Although the cable changes its length, its volume remains 
constant, or, 

= Js Aa (69) 
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Substituting from equations (51), (65), (56), (58) and (59) 
into (57) and dividing both sides of the equation by gives: 


sinh- 


Cs 


X 

C3 


Si 

X 


SlWi 

2EAi 


r cosh 


Cl 


X 

Cl 


+ 


sinh 

Cl 


+ 


Si w” 

2EAi 


cosh 


X 

Cz 


+ ■ 


L - sinh - 


^^3 


(60) 


Equation (60) describes the characteristics of the catenary at 
minimum temperature without either wind or ice loading. All 
other catenaries for higher temperatures may be found by the 
use of equation (54) which is also based on the assximption that 
the total weight of the suspended cable is constant irrespective 
of changes in temperature and tension. Substituting for sx, wu 
A 1 and C2 in equation(64) the values 53, ws, A 3 and C4, respectively, 
which are found by the solution of equation (60), equation (64) 
changes to 


sinh- 


C4 


X 

Ca 


_ Sz Wz^ _ 

^3 (l+a [tc-k\) - 2E Az{l+a[h-ti]) 


X 

1 

£ sinh — J 
Cz ^3 


Sz Wz 


rcosh 


2 EAsil + oiih-hi) 


X 

Ca 


— sinh 


Ci 


Ca 


( 61 ) 


According to the reasoning outlined by equations (52) and (63), 


Wz _ ^ 

a7 ~ 



760 


KIRSTEN: TRANSMISSION LINE DESIGN 


which, if substituted into equation (61) simplifies this equation 
to the form 

smh — 

_ 

X 

Ci 


S3 (l+a 


+ 


^3 

- 5£; 

rcosn— 

Cz 

, 1 

2 ~EAi{l+a[h-h]) 

X 

Cz 

T 

. 1 X 

smh — 
Cz 

S3 w” 

“cosh-^ 

^4 

1 

1- 

2£^i(l-f-a:[/4-/i])^ 

X 

1“ . , X 
smh — 


Ca 

Ci 


(62) 


The concept ti covers the range from the minimum to the 
maximum temperature. 

In the design of a practical span the engineer must guarantee, 
first, that the suspended cable will not break under the influence 
of the most severe weather conditions recorded in the locality 
where the span is to be installed and, secondly, that the clearance 
of the cable from the ground or from a given reference plane 
will never be less than a given, permissible magnitude; provided 
that the extremes of the climate recorded for the past of the 
locality in question are not exceeded in the future. 

The first mentioned requirement is met by the use of equation 
(31), if for max.Ti the maximum safe stress on the cable is 
substituted and proper allowances are made in the determina¬ 
tion of wx for ice loading and wind pressure. The guarantee 
for proper clearance from the ground or from a given reference 
plane is based upon the knowledge of the maximum deflection 
of the suspended cable for a given range of climate from ex¬ 
treme winter weather at minimum temperature to the maximum 
summer heat. 

It is evident that the minimum deflection occurs at minimum 
temperature when the cable is free from ice load and wind pres¬ 
sure. Supposing the cable receives at this temperature a coating 
of ice being at the same time subjected to wind pressure, which 
is equivalent to an increase of the gravitational forces acting 
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on the span, equilibrium of forces is re-established by an in¬ 
crease in tension on the cable and its consequent elongation 
[see equation (27)]. Since the distance between the points of 
support is constant, an increase in length of the cable suspended 
from these points means an increase in its deflection. Let the 
temperature increase toward the freezing point. An increase 
in temperature is accompanied by an increase in length of the 
cable. Although this increase in length is partly offset by a 
decrease in tension, as demonstrated in the derivation of equa¬ 
tion (64), an increase in length does result from an increase in 
temperature for all materials used in practical transmission 
spans, and in consequence the deflection of the cable must in¬ 
crease also; provided that the ice coating and wind pressure do 
not diminish. Since the ice loading cannot exist above the 
freezing point, the deflection will naturally reach a maximum 
at the freezing point. 

As soon as the temperature rises above the freezing point, 
the ice load and a large portion of the wind load vanish, resulting 
in a decrease in the deflection. If the temperature increases to 
its maximum, the deflection will also increase to a maximum 
which may either be smaller or greater than the deflection at 
the freezing point, depending upon the relative magnitude of 
the maximum temperature and the magnitude of the ice and 
wind loading which existed at the freezing point. With the 
help of equation (64) the maximum deflection of a given cable 
for any length of span may be accurately computed for condi¬ 
tions of ice and wind loading at the freezing point. Equations 
(60) and (62), solved in sequence, will yield the deflection at 
the maximum temperature. The one of the two catenaries thus 
found, which gives the greatest deflection will hereafter be 
called the critical catenary. In warm climates the critical caten¬ 
ary will tend to exist at the maximum temperature, whereas in 
cold climates the critical catenary is likely to be found at the 
freezing point. The diameter of the cable is also a factor in 
the determination of the critical catenary. The smaller the 
diameter, the greater is the ice load in comparison to the weight 
of the cable itself, so that at the same locality the critical caten¬ 
ary may occur at the maximum temperature for a large cable, 
whereas for a smaller cable it might occur at the freezing point. 
It is at all times advisable to calculate the catenaries for both 
the maximum temperature and the freezing point in order to 
be sure of accurate results. 
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At first sight equations (64), (60) and (62) will appear rather 
cumbersome and difficult to operate. If, however, equation 
(64) is written 



Chart II 


where Fi, Gi and Hi are constants, the simplicity of. the solution 
of the equation for the argument x -5- Ca is apparent. 

Equations (64), (60) and (62) are easily and rapidly solved by 
the use of the curves of Chart II. The curve indexed 


1 
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gives values of the magnitude 

for arguments x ^ c ranging from 0 to 0.25. The curve indexed 


0.0001 



c 



represents magnitudes of 




for the same range of the argument, if iT = 0.0001. Corres¬ 
ponding curves for values of H ranging from 0 to 0.0002 are 
indexed 0.00001, 0.00002,.. .0.00019, 0.0002. A straight line 
perpendicular to the x -i- c axis is divided into equal lengths by 
these curves indexed in arithmetic progression and in conse¬ 
quence direct interpolation can be effected along such lines 
perpendicular to the x -i- c axis. 

For all positive arguments the ratio of the hyperbolic sine to 
the argument is always greater than unity. By subtracting 
unity from this ratio, the two sets of curves of Chart II are 
located nearer the x c axis. The equation is -again balanced 
by subtracting unity from the constants. Hence, for conven¬ 
ience equation (64) is changed in form to 



Supposing, Fi - 1.002'‘821;Gi = 0.000 525;andIIi = 0.0000315, 
then 

1 = 0,002296. 
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The magnitude 


Hi X 


-cosh — 
_£2^ 

X 

C2 


+ 


sinh — 
C2 


, X 

H_ 


is given by a curve interpolated between curves indexed 0.00003 
and 0.00004 for any argument x C 2 between the limits 0 and 
0.25. The value 0.002296 added to an ordinate of this curve 
must be, according to the above equation, an ordinate of curve 




1 


Hence, the correct argument x -4- C 2 which gives the same length 
of ordinate for the curves 




and 


0.002296 + 0.0000315 


rcosh * 


C2 


X 

C2 


+ 


sinh 


can be found by 


C 2 


marking the length 0.002296 on the straight edge of a sheet of 
paper and by moving the point marked on the sheet along the 
curve 0.0000315, keeping the straight edge perpendicular to the 
X c axis, until the other point touches the curve 

The straight edge in this position indicates on the x -i- c axis 
the value 0.1294, which, if substituted for x -i- C 2 in above equa¬ 
tion will satisfy this equation. 
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The curves of Chart II have been drawn with great care from 
hyperbolic functions computed accurate to the twelfth decimal 
place. With a little practise in interpolation the argument of 
equations (64), (60) and (62) can be determined accurately to 
the fourth decimal place. Values of 


0.0001 


■cosh — 

_ 

X 

c 


+ 


1 



with a given argument can be read directly to the sixth decimal 
place from the curve bearing this index. 


Outline for Systematic Determination of the Critical 

Catenary 

First Step. Determination of the catenary at the freezing 
point with ice and wind loading, using equation (64) changed 
for convenience to 


sinh' 


rcosh - 


C2 


X 


_ 1 = ^ Gi 4* Hi X 


C2 


— 


+ 


sinh ■ 


C2 


- 1 
(63) 


where 


■p^ as _£L [/g — i^l]) 

X 


Gi = 


^1 ^1 


2E^i {1+a [t 2 - h]) 


'cosh ■ 


Cl 


X 

Cl 


+ 


sinh 


X 

Cl 


Hi 


_ ^1 _ 

~ 2EAi (1+a [^2- h]y 


For any argument x -i- Ci, 

max. Ti ^ sy ^ . c — r cinli — 

= -• X = — X 5i — Cl Sinn 

- Cl Cl 

Wi cosh— 

Cl 

For Wi see equation (39); for Ai see equation (43). 
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The hyperbolic coefficient of Gi for the argument is 

the direct reading from the curve of Chart II indexed 


0.0001 


rcosh- 


X 

c 


+ 


1 


sinh J 

c 


divided by 0.0001. 


After the constants Fu Gi and Hi are computed, the argument 
X C 2 which satisfies equation (63) is read from Chart II. 

With the knowledge oi x 


X / X \ . X 

C 2 = — ; y 2 = C 2 1 cosh-1); S 2 = C 2 sinh —; 

X \ C2 / ^2 

^^2 


^2 = -j max. 12 C 2 W 2 cosh — 

^■2 C2 


Second Step, Determination of the catenary at minimum 
temperature without ice and wind loading, using equation (60) 
changed for convenience to 


. - X 

sinh — 

_^ 

X 

Cz 


rcosh- 


— 1 = 7^2 — G2 “H H2 


Cz 


X 

Cl 


+ 


sinh • 


~ 1 (64) 


Cz 


where 


F 2 = 

G 2 = 


Si 


X 


Si Wi 

"cosh - 

2EAi 

X 


Cl 


X 

Cl 


+ 


1 


. - X 

smh — 
Cl 


Si 




2EAi 
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For w" see equation (40), other terms are the same as in equation 

(63). 

With the knowledge of x cz. 

C3 = —; yz = cs fcosh — - 1); 53 = Ca sinh -f-; 

X \ Cz / ('Z 

Cz 

~ ; max. Tz == CzWz cosh 

^8 ^3 


Third Step. Determination of the catenary at maximum 
temperature, using equation (62) changed for convenience to 


sinh — 

-— 1 = jPa Gs + Hz 

X 

C 4 


rcosh- 


X 

C 4 


C 4 _L 


sinh — J 
C 4 


- 1 (65) 


where 


= —L q- Q/ — ^J) 

X 


Sz w ' 


2EAi {1 + a [t4 - h]) 


rcosh— ^ 

C3 ^_^ 


X 

Cz 


sinh ■ 


Cz 


Hz = 


Sz W 


2EAi (1+a [^4- ^1])" 


With the knowledge of x C4, 


C 4 


== y4 = C4 (cosh -1); S4 = C4 sinh 

X \ C4 / 


C 4 


C 4 




Si w'^ ^ 
S4 ’ 


max. T 4 ^ c^w 4 cosh 


X 

C 4 ‘ 
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The critical catenary is either 

y 2 — C 2 ^cosh -or 3/4 = Ci ^cosh —- 1 ^, 

whichever equation yields the greatest deflection for a given 
tower spacing. The determination of the tower spacing and of 
the corresponding height of tower must be based on the maximum 
deflection of the critical catenary. 

The catenary for any other temperature t/ somewhere within 
the range of from h to ^4 can be computed by substituting 
for ^4 in equation (65). Since this equation is based on the 
assumption that the cable is free from ice or wind load, the 
resulting catenaries including those for temperatures below the 
freezing point, describe the span in calm weather, without sleet 
deposits on the cable at the low temperatures. Such weather 
conditions us'ually prevail at the time of span construction. 
Hence, a cable strung at any temperature ^ 4 ' in calm weather, 
so that its axis forms a catenary obtained by the use of equation 
( 66 ) for the temperature ^ 4 ', would under the most severe 
weather conditions be subjected to not more nor less than the 
maximum safe stress. The constructing engineer should have 
a means of quickly determining the required stringing tension 
for a given tower spacing and temperature, so that he may 
guarantee that his span is safe under the most severe weather 
conditions and that the margin of safety is not too great for 
economical span construction. 

In order to furnish the constructing engineer this necessary 
information, catenaries for the temperatures h, h', h"' and ^4 
are computed with the use of equation (66) for a number of 
arguments x Ci, The four curves obtained in terms of 
max T and 2x for the range of tower spacing covered by the 
range of the argument are plotted on a chart and all other curves 
corresponding to intermediate temperatures are interpolated. 
A chart of this kind, from which the engineer can directly read 
the required stringing tension for any length of span and any 
stringing temperature will hereafter be called a temperature- 
tension stringing chart. 

The use of Chart II and of the formulas derived will now be 
demonstrated in the solution of the following problem: 

Problem 3. It is required to draw the temperature-tension 
stringing chart for a 500,000 cir. mil hard-drawn- copper cable. 
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If the cable is suspended from 50-ft. towers so that the mini¬ 
mum clearance of the cable from the ground is 30 ft., what is the 
maximum permissible tower spacing? 

Extreme climatic conditions: 

Minimum temperature = — 10 deg.-fahr. 

Maximum temperature = + 100 deg. fahr. 

Maximum ice loading = J-inch (12.7 mm.) layer enveloping 
cable. 

Maximum wind pressure = 10 lb. per square ft. area normal 
to direction of wind. 


Specification of Cable: 

Number of strands in cable = 37. 

Modulus of elasticity = 16,000,000. 

Ultimate tensile strength of one strand = 673 lb. (305.2 kg.). 
Temperature coefficient of linear expansion 0.00000922 (fahr. 
scale). 

Diameter pf strand = 0.1162 in. 

(2.9 mm.) 

Diameter of cable = 0.8134 in. 

(20.6 mm.) 

Weight per ft. of cable = 1.54 lb. 

(0.6 kg.) 

The ultimate tensile strength of the cable to be not more than 
0.9 the combined ultimate tensile strength of its strands. 

673 X 37 X 0.9 = 22,411 lb. (10,165.3 kg.) 


Measurements taken at 
75 deg. fahr. with cable 
free from mechanical 
stress. 


The elastic limit to be taken at 50 per cent of the ultimate break¬ 
ing stress. 

22,411 X 0.5 = 11,206 lb. (5082.9 kg.) 

The maximum tension on the cable should not exceed 75 per cent 
of the tension at the elastic limit. 

11,206 X 0.75 = 84001b. (3810.1 kg.) 

Since all preceding formulas describe the characteristics of a 
suspended cylindrical solid, it will be of advantage to substitute 
for the stranded cable a cylindrical solid which has the same 
characteristics as the actual stranded cable in regard to tempera¬ 
ture changes, changes in tension, weight per unit length and 
ice and wind load. The ice and wind load on the equivalent 
cylindrical solid will be the same as the ice and wind load on the 
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Stranded cable, if the cylindrical solid has the same diameter 
as the outside diameter of the stranded cable. The inside area 
of a cylindrical envelope surrounding the stranded cable is, as 
well as the actual cross-sectional area of metal of the cable, 
directly proportional to the square of the diameter of the strand j 
hence, as far as the influence of temperature is concerned, both 
areas are affected in the same proportion. Similarly, the changes 
in both areas due to changes in tension aie proportional to the 
changes in area of the strand; however, since the modulus of 
elasticity is measured on the basis of the cross-sectional area 
of metal, it must be changed in inverse proportion to the area 
for the same strain, so that 

E'XA' = EXA 

where; 

E' = modulus of elasticity for stranded cable. 

E = modulus of elasticity for equivalent cylindrical solid. 

A' = cross-sectional area of metal of stranded cable. 

A = cross-sectional area of equivalent cylindrical solid. 

Hence, 

„ E'A' 16,000,000 X 37 X0.1162^ _ io poo 
^ ~ A ~ O. 8 I 342 ’ ’ 


Revised specification of cable, using the foot as the unit of 
length'and the pound as the tmit of force: 

A = Cross-sectional area free from stress 


w X 0.8314^ 
4 X 144 


0.00361 


w = Weight per foot length free from stress = 1.54 
E = Modulus of elasticity = 12,082,000 X 144 = 1,739,- 
808,000 

a = Coefficient of linear expansion = 0.00000922 
max T = Maximum safe stress on cable = 8400 

t = Temperature at which measurements of A and w 
were taken = 75 

Other given data: 

<1 = Minimum temperature = — 10 
h = Temperature at freezing point = -f 32 
U = Maximum temperatme = -|- 100 
a = Maximum thickness of ice layer enveloping cable 
= 0.04167 
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u = Weight per cubic foot of ice = 57.37 
V == Maximum wind pressure per square foot area normal 
to direction of wind = 10 

For the temperature-tension stringing chart two other tem¬ 
peratures = + 30 and // = + 60 will be used in connection 
with equation (66). 

From equation (40) 

_ 1.54 X 1,739,808,000X0.00361 (1 - 0.00000922 [75 + 10]) 
1,739,808,000X0.00361 (1 - 0.00000922 [TS+IO])^ + 8400 
= 1.5391 

From equation (41) 

i = 57.37 X 3.1416 X 0.04167 |^0.04167 

+ 2 X 0.00361 (1 - 0.00000922 [75 + lO])^ 

/ 1,739,808,000 \n 

V3.1416 (1739808000X0.00361(1-0.00000922[75+10])H8400]/ J 
= 0.8212 

From equation (42) 

p = 2X 10|^0.04167 + 0.00361(1 - 0.00000922[75 + 10])^ 

/ 1,739,808,000 \n 

I, 3.1416[1739808000X0.00361(l-0.00000922[75+10])H8400]/ J 
= 1.5100 

From equation (39) 

wi = [(1.5391 + 0.8212)2 + L5P]^1 = 2.802 
.From equation (43) 

1,739,808,000 X 0.003612 (1 ^ 0.00000922 [75 + 10])^ 
1,739,808,000X0.00361 (1 - 0.00000922 [75+10])2 + 8400 

= 0.003598 

In the following five tables the computations necessary for 
the solution of the problem are carried out systematically. 
Tables I, II and III determine the critical catenary and Tables 

II, III, IV and V give the data necessary for the temperature- 
tension stringing chart. The columns of figures are indexed 
successively from 1 to 44. In the space below the index of a 
column is given the relation of the values in that column to the 

alues computed in preceding columns. For instance, in column 
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of Table III indexed 31 are given values obtained by multi¬ 
plying the values given in column of Table II indexed 24 by the 
constant 12,281 X 10 “^h The second space below the indices 
indicates the significance of the values in the column with 
respect to the working equation at the top of the table. 

A comparison of the deflectibns and. 3/4 given in column 15 
of Table I and column 39 of Table III shows that the critical 
catenary is the catenary formed by the cable at the maximum 
temperature + 100 deg. fahr. The difference between the de¬ 
flection of the cable at the freezing point under maximum ice 
loading and the deflection at the maximum temperature is, 



Pig. 3—Temperature-Tension Stringing Chart 500,000 Cir. Mils 
Hard-Drawn Copper Cable 

Maximum tension to be not more nor less than S40C lb. at 10 deg- fahr. under wind load 
of 10 lb. per sq. ft. and ice load of one-half inch layer enveloping cable. 


however, very small which shows the necessity of performing 
the deflection^computations for both weather conditions in 
every case. 

With a givenjheight of tower and a given maximum cable 
deflection the critical ^catenary determines the tower spacing. 
The height of towers given in this problem is 50 ft., and since 
the deflection of the cable is not to exceed 20 ft. (50 - 30), the 
tower spacing is found directly from the curves of Fig. 3 . The 
abscissa corresponding to the ordinate y = 20 of the deflection 
curve + 100 deg. fahr. (critical catenary) is 665. Hence the 
maximum permissible tower spacing is 665 ft. ( 202.6 m.) 










TABLE I. CATENARY AT FREEZING POINT. 
Working Formula. [See equation (63)] 


1 = Fi - Gi + Hi X 


i?! = ^ X (1 + 0.00000922 [32 -h 10]) = —■ X 1.0003872 


"■cosh- 

2.802 Cl 1 

Gi = 5i X--1- 

2X1,739,808,000X0.003598 X 1.0003872 ic 

__ — sinh — 


= 51 X 0.00000022373 -H- 

L - sinh- J 

Cl Cl 

2 302 

Hi = 51 X-^- = SI X 0.000000223641 

2 Xl.739;808,000 XO.003598 Xl.00038722 


(1) 

' (2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


2997.86 

cosh (1) 

(1) X (2) 

(2) X 
sinh (1) 

(4) 

(3) 

(5) X 
1.000387 

(4) X 

22,373 XlO-ii 

(1) & 

Ch’t 

II 



«i 5 

•a 


- 

.2 

- 




X 

£L 

'S 

«ICS 


8 


0 

o 


299 2.47 
2988.29 

2982.94 
2976.40 
2968.72 

2959.89 

2949.94 

2938.89 


179.548 
239.063 
298 294 
357'. 168 
415.621 
473.582 
530.989 
587.778 


179.656 

239.318 

298.791 

358.026 

416.980 

475.605 

533.861 

591.704 


1.000599 
1.001068 
1.001667 
1.002402 
1.003270 
1.004272 
1.005409 
•1.006680 


1.000986 

1.001456 

1.002055 

1.002790 

1.003658 

1.004661 

1.005798 

1.007069 


0.00004019 

0.00005354 

0.00006685 

0.00008010 

0.00009329 

0.00010641 

0.00011944 

0.00013238 


(7) X (8) (6) - (9) - 1 


( 10 ), ( 11 ) 

& Ch’t II 


— 1 H- 
cosh (12) 


0.001341 

0.001340 

0.001339 

0.001338 

0.001337 

0.001335 

0.001334 

0.001333 


- 0.000355 
+ 0.000116 
+ 0.000716 
+ 0.001452 
+ 0.002321 
+ 0.003326 
+ 0.004464 
+ 0.005736 


0.0000402 

0.0000535 

0.0000668 

0.0000801 

0.0000933 

0.0001064 

0.0001194 

0.0001323 


2579.71 
2689.12 
2756.88 
2801.32 
2831.21 
2849.46 
2859.40 
2863.02 


0.00242 
0.00395 
0.00586 
0.00814 
0.01080 
0.01384 
0.01729 
0.02115 




TABLE II CATENARY AT TEMPERATURE ~ 10 DEG. FAHR. 
Working Formula. [See equiation (64)] 


sinh- 


r cosh 


. 1 = Fa — Ga + Ha 


cz 1 

- +- 


- sinh- J 

C3 Cz 


Fa =- = given in col. (5), Table I. 

X 


2.802 


P cosh 


Si 


Cl 


_ 1 


1 


2 X1,739,808 000X0.003598 1 « 

sinh- J 

Cl Cl 

~ Si X 0.00000022381 X value given in col. 8, Table I. 
1.5391 

Ha = X - = 51 X 0.00000012294 

2 X 1.739,808,000 X0.003598 


(16) 

(17) 

(18) 

(19) 

(20) 

(21) 


(4) X 



(4) X 

(18), (19) 

(3) 

22,381 

X 10-11 

(8) X (16) 

(5) - (17) - 1 

12,294 X 10-11 

& Ch’t II 

(20) 










r-i 

Xi 

_a 







»1 

t/i 


rH 




6 

_i 

h 


1 






I 


cS 



H 1 H 1 " 


.Cl 



1 



II 


o 

o 

* 

6' 

pC 


H 1 ” 

u 

0.00004021 

0.001341 

-0.000742 

0.0000221 

0.0424 

4234.62 

0.00005356 

0.001340 

-0.000272 

0.0000294 

0.062S 

3806.74 

0.00006687 

0.001339 

+0.000328 

0.0000367 

0.0846 

3525.93 

0.00008013 

0.001338 

+0.001064 

0.0000440 

0.1066 

3350.54 

0.00009332 

0.001337 

+0.001938 

0.0000513 

0.1282 

3241.98 

0.00010644 

0.001336 

+0.002936 

0.0000585 

0.1494 

3169.89 

0.00011948 

0.001335 

+0.004074 

0.0000656 

0.1704 

3116.13 

0.00013242 

0.001334 

+0.005346 

0.0000728 

0.1913 

3072.54 


(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 



(21) X ■ 

(4) 

(25) X 

(21) 

X 

(26) X 

cosh (20) 

(21) X (22) 

sinh (20) 


1.5391 

cosh (20) 

(27) 

-1 



(24) 





T— ! 














1 >0 


I 





a 

a 


1 " 


H 1 " 













w 

o 


•S 



1 

1 


o 

11 


'c/3 

CO 


c? j ^ 




j ” 


II 

1 ” 

II 

max 


aJ 

a 

0.00090 

3.81 

179.590 

1.00037 

1.5397 

4238.43 

6525.91 

0.00197 

7.50 

239.216 

1.00043 

1.5398 

3813.97 

5872.75 

0.00358 

12.62 

298.646 

1.00049 

1.5399 

3538.55 

5448.01 

0.00568 

19.03 

357.838 

1.00055 

1.5399 

3369.57 

5188.80 

0.00823 

26.68 

416.757 

1.00061 

1.5400 

3268.66 

5033.74 

0.01118 

35.44 

475.325 

1.00059 

1.5400 

3205.33 

4936.21 

0.01455 

45.24 

533.575 

1.00057 

1.5400 

3161 

..47 

4868.66 

0.01836 

56.42 

591.372 

1.00056 

1.5399 

3128.95 

4818.27 



TABLE III. CAT ENARY TEMPERATURE + 100 DEG. FAHR. 
^Working Formula. [See equation (66)] 


1 =z Fs — Ga Hz 


Fz = ^ 3 /x X (1 + 0.00000922 [100 + 10]) = 53 X 1.001014 


'2X1,739.808.000X0.003598 X 1.001014 


= 53 X 0.00000012281 


Hi = sz X____ = 53 X 0.00000012268 

2X1,739,808,000X0.003598 X 1.0010142 


(29) 

(30) 

(31) 

(32) 

(24) 

(3) 

(29) X 
1.001014 

(24) X 
12,281 X10-11 

(20) & 

Ch’t II 

1 « 

CO 

a 

'55 

+ 

A « u 

w 

O 

o 

H j “ 

yH rd 

.s 

+ 

H I ” 

•S ” 

O 

o 

1.000234 

1.000640 
1.001180 
1.001876 
1.002735 

1.003680 
1.004870 
1.006114 

1.001248 
1.001655 
1.002195 
1.002892 
1.003750 
1.004698 
1.005889 
1.007134 

0.00002206 

0.00002938 

0.00003668 

0.00004395 

0.00005118 

0.00005838 

0.00006553 

0.00007263 

47.16 

31.83 

23.67 

18.80 

15.65 

13.43 

11.80 

10.52 


0.001040 

0.000935 

0.000868 

0.000826 

0.000801 

0.000784 

0.000773 

0.000764 


+0.000208 

+0.000720 

+0.001327 

+0.002066 

+0.002949 

+0.003914 

+0.005116 

+0.006370 


0.0000220 

0.0000294 

0.0000366 

0.0000439 

0.0000511 

0.0000583 

0.0000655 

0.0000726 


2528.85 
2*41.58 
2724.15 
2779.52 
2817.77 
2844.34 
2847.13 
2853.30 


(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

cosh (36) 

(37) X 

(37) X 

(4) 

(41) X 

(37) + 

(42) X 

- 1 

(38) 

sinh (36) 

(40) 

1.5391 

(39) 

(43) 

rH 





H j Ci 


1 





CA 


« 1 cr 


« 1 



0 

o 


'm 





u 


O 

o 


*w 


^ 1 



11 




11 


a 

^ 1 




S 

a 

a 

0.00252 

6.37 

179.690 

0.99981 

1.5388 

2535.22 

3901 

0.00410 

10.83 

239.380 

0.99974 

1.5387 

2652.41 

4081 

0.00600 

16.34 

298.894 1 

0.99969 

1.5386 

2740.49 

4216 

0.00826 

22.96 

358.141 i 

0.99966 

1.5386 

2802.48 

4312 

0.01089 

30.69 

417.143 

0.99964 

1.5385 

2848.46 

4382 

0.01389 

39.50 

475.773 

0.99963 

1.5385 

2883.84 

4437 

0.01744 

49.65 

534.065 

0.99961 

1.5385 

2896.78 

4457 

0.02129 

60.74 

591.946 

0,99960 

1.5385 

2914.04 

4483 




TABLE IV. CATENARY AT TEMPERATURE +30 DEG- FAHR. 
Working Formula. [See equ’ation (65) J 


X 

sinh- 

Ci' 

- 1 

X 

C4' 


Fs' ~ Gz' + Hz' 


X 

cosh - “ 

C4' 1 

- +- 

X X 

- sinh-_ 

Ci' a' 


Fz' = 53 X (1 + 0.00000922 [30 + lOJ) = 53 X 1.0003688 


1 


'"cosh - “■ 

1.5391 ^3 1 

Gz' = 53 X- - H- 

2X1,739,808,000X0.003598 X 1.0003688 ic 

L - sinh -_ 

cz Cz 

= 53 X 0.00000012289 X value given in col. 32, Table III 
1.5391 

Hz' = 53 X- = 53 X 1.00000012285 

2 X 1,739 808,000 X0.003598 X 1.00036882 


(30) ' 


(31) 

/ 

(33) ' 

(34) ' 

(35) ' 

(36) ' 

(29) X 


(24) 

X 


(30) ' 

(24) X 

(34), ' (35) ' 

1.0003688 

12,289 X 10-11 

(31) ' X (32) 

~ (33) ' - 1 

12,285 X 10-11 

& Ch't II 












.2 


tH 





+ 


1 








i G 

1 





-Cj 

1 


1 



fC 


0 

0 


G 


£ 


1.000603 


0.00002207 

0.001041 

-0.000438 

0.0000221 

0.0510 

1.001009 


0.00002939 

0.000936 

+0.000073 

0.0000294 

0.0727 

1.001549 


3.00003670 

0.000869 

+0.000680 

0.0000367 

0.0936 

1.002245 


0.00004397 

0.000827 

+0.001418 

0 0000440 

0.1145 

1.003105 


0.00005121 

0.000802 

+0.002303 

0.0000512 

0.1354 

1.004090 

0.00005841 

0.000785 

+0.003265 

0.0000584 

0.1561 

1.005241 

0.00006557 

0.000774 

+0.004467 

0.0000655 

0.1766 

1.006485 

0.00007267 

0.000765 

+0.005720 

0.0000727 

0.1968 


(37) ' 

(38) ' 

(39) ' 

(40) ' 

(41)' 

(42) ' 

(43) ' 

(44) ' 

(3) 

cosh (36) ' 
- 1 

(37) 'X 

(38) ' 

(37)' X 
sinh (36) ' 

(4) 

(41) '^X 
1.5391 

(37) ' 

-f (39) ' 

(42) 'X 

(43) ' 

(36) ' 

(40) ' 


1 

.£3 

0 

CJ 

II 

^ 1 -o' 


A 

.2 

'w 

II 


j 

II 

5^ 

.. 

X 

as 

S 

n 

D 

J 

• 

S 

3520.55 

3288.35 

3186.90 

3119.37 

3069.58 

3033.84 

3006.73 

2986.67 

0.00130 

0.00264 

0.00438 

0.00657 

0.00918 

0.01221 

0.01564 

0.01943 

4.58 

8.68 

13.95 

20.49 

28.18 

37.05 

47.03 

58.04 

179.618 

239.268 

298.730 

357.948 

416.880 

475.494 

533.755 

591.600 

1.00021 

1.00021 

1.00021 

1.00022 

1.00024 

1.00023 

1.00020 
1.00018 

1.5394 
1.5394 
1.5394 

1.5394 

1.5395 
1.5395 
1.5394 
1.5393 

3525.1 

3297.0 

3200.9 

3139.9 

3097.8 

3070.9 
3053.8 
3044.7 

5427 

5074 

4927 

4833 

4768 

4727 

4701 

4687 




TABLE V. CATENARY AT TEMPERATURE + 60 DEG. FAHR. 


Working Formula. [See equation (65)] 


sinh- 


• 1 = Fz" - Gs" + 


'cosh 


U" ca" 

F'/' = S3 xa + 0.00000922[60 + 10] ) = ^3 X 1.0006454 


sinh- 


- 1 


C 3 " — S 3 X- 


1.5391 


2 X 1.739.808,000 X 0.003598 X 1.0006454 


"cosh 


C 3 1 


sinh- 


C3 Cz 

== 5-3 X 0.00000012286 X value given in col. 32, Table III 
1.5391 

Ez" = s X -—- = sz X 1.00000012281 

2X1,739.808,000X 0.003598 X 1.00064542 


(30) '' 


(31) 

// 

(33) 

(34) " 

(35) " 

(36) " 

(29) X 
1.0006454 

(24) X 

12,286 X 10-11 

(31) " X (32) 

(30) " ~ (33) " 
~ 1 

(24) X 

12,281 X 10-11 

(34) ", 

„ (35) " 

& Ch’t II 
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! 
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ij 

tn 

0 

0 

H 1 

CJ 

1 


H 1 

1.000880 ‘ 
1.001286 
1.001826 

1.002528 

1.003382 

1.004328 

1.005519 

1.006718 

0.00002206 

0.00002938 

0.00003669 

0.00004397 

0.00005120 

0.00005840 

0.00006556 

0.00007266 

0.001040 

0 000935 
0.000869 
0.000827 
0.000802 
0.000785 
0.000774 
0.000765 

-0.000160 
+0 000351 
+0.000957 
+0.001696 
+0 002580 
+0 003543 
+0.004745 
+0.005953 

0.0000221 

0.0000294 

0.0000367 

0.0000440 
0.0000512 

0.0000584 

0.0000655 
0,0000726 

0.0595 

0.0800 

0.1005 

0.1205 

0.1405 

0.1605 

0.1805 

0.2000 


(37) " 

(38) " 

(39) " 

(40) 'A 

(41) " 

■ (42) " 
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(44)" 

(3) 

cosh (36) " 
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X 

(37) " X 

(4) 

(41) " X 

(37) 


(42)" X 
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(38) " 

sinh (36)" 
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1.5391 
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s 

3017.61 

0.00177 

5.34 

179.668 

0.99993 

1.5390 

3023.0 

4652 

2988.30 

0.00320 

9.56 

239.333 

0.99994 

1.5390 

2997.9 

4614 

2968.10 

0.00505 

14 99 

298.799 

0.99997 

1 5390 

2983.1 

4591 

2964 05 

0.00727 

21.55 

358.028 

0.99998 

1.5391 

2985 6 

4595 

2958.16 

0.00989 

29.26 

417.012 

0.99998 

1 5391 

2987.4 

4598 

2P50.67 

0.01291 

38.09 

475.618 

0.99998 

1.5391 

2988 8 

4600 

2941.77 

0.01633 

48.04 

533.872 

0.99999 

1.5391 

2989 8 

4602 

2938.89 

0.02007 

56.98 

591.716 

0.99999 

1.5391 

2997.9 

4614 
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The temperature-tension stringing chart (Fig. 3) is plotted 
from the values given in columns 28 Table II, 44 Table III, 
44' Table IV and 44" Table V. The dotted curves for inter¬ 
mediate temperatures have been interpolated. The deflection 
curves for the temperatures — 10 deg., + 30 deg., + 60 deg. 
and + 100 deg. have also been drawn on the same chart so as 
to give an effective check on the work of stringing. 

Supposing the cable is to be suspended at a temperature of 

50 deg. fahr. from towers spaced 500 ft. (152.4 m.) apart, 
then, according to the chart, the tension at the point of support 
must be 4750 lb. (2154.5 kg.) with a corresponding deflection 
of 10.2 ft. (3.1 m.) If the same cable at the same temperature 
were to be strung between towers spaced 1000 ft. (304.8 m.) 
apart, the tension would have to be 4650 lb. (2109.2 kg.) with a 
corresponding cable deflection of 42.5 ft. (12.9 m.). 

The computations for the Tables I to V consisting of 44 mathe¬ 
matical operations for each argument are all derived from the 
values given in the first columns of Table I, and a slight error 
made in those columns might be accumulative during each 
succeeding step leading to appreciable errors in the last compu¬ 
tations. It is of importance, therefore, to begin the work with 
great precision using hyperbolic functions of the arguments in 
column 1 computed accurately to the eighth decimal. Below 
is given a table of natural hyperbolic functions of arguments 
which cover the range of ordinary span designs. ’ 


X 

c 

X 

sinh — 

c 

X 

cosh — 

c 

0.04 

0.0400106675 

1.0008001061 

0.06 

0.0600360065 

1.0018005401 

0.08- 

0.0800853606 

1.0032017064 

0.10 

0.1001666750 

1.0050041075 

0.12 

0.1202882070 

1.0072086441 

0.14 

0.1404577820 

1.0098160171 

0.16 

0.1606835410 

1.0128270898 

0.18 

0.1809735759 

1.0162437873 • 

0.20 

0.2013360025 . 

1.0200667556 

0.22 

0.2217787996 

1.0242977643 

0.24 

0.2423106127 

1.0289385057 
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( C ) The Most Economical Tower Spacing 

The most important item in the cost of a transmission line is 
the cost of the supports for the line conductors. The following 
investigation will disclose the physical laws which govern the 
magnitude of this cost item and will evolve a method of its 
accurate computation in connection with the determination of 
some important mechanical features of the line. 

The total cost of the line supports is directly proportional 
to the cost of each support and to the number of supports used 
for the entire line. For a minimum total cost, the cost of each 
support must be a minimum and the number of supports for the 
line must be a minimum, that is, the tower spacing must be a 
maximum. As demonstrated in the preceding section the 
critical catenary formed by the cable will determine the required 
height of support with a given tower spacing or it will determine 
the tower spacing with a given height of support, provided, the 
minimum clearance between cable and ground is fixed. The 
catenary equation also shows that the greater the tower spacing, 
the greater will be the height of the support. Since the cost of 
the support increases with the height of the support, an increase 
in tower spacing increases the cost of each support and at the 
same time decreases the total number of supports required for 
the given line. Hence, the total cost of the supports will be 
a minimum when the tower spacing is such, that if increased 
by an increment, the rate of increase in cost of the support 
multiplied by the number of supports is equal to the rate of 
decrease of the total cost of the supports due to a decrease of 
their number. 

The above analysis shows that for the determination of the 
minimum total cost of the line supports it is necessary to segre¬ 
gate the cost items which are a function of the tower spacing 
only, from the cost items which are a function of the tower 
spacing and of the height of the support. The total cost must 
be expressed in terms of these two groups of items so that a 
mathematical solution for a minimum cost may be performed. 

The cost of a line support comprises the following items; 

1 . Cost of tower at place of erection. 

2 . Cost of erection of tower. 

3. Cost of lease or purchase of tower site. 

4. Cost of foundation installed. 
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5. Cost of location and inspection of line support. 

6 . Cost of insulators at location of tower. 

7. Cost of placing insulators and cable. 

Item 1. The weight of the tower is proportional to the maxi¬ 
mum cable stress for which it is designed. For the same stress, 
an increase in the height of the tower increases its weight in pro¬ 
portion to the square of its height. Since the cost of the tower 
is proportional to its weight, the magnitude of item 1 is directly 
proportional to the square of the height of the tower. 

Item 2. The given stress for which the tower is designed prac¬ 
tically fixes the weight per unit length and the lengths of its 
structural members. Hence, an increase in the height of the 
tower increases the number of its structural members, and in 
consequence the cost of erection, in direct proportion to the 
square of the height of the tbwer. 

Item 3. Since in practical tower design the ratio of the height 
of the tower to the width of its base is a constant, the area of 
the tower site and in consequence the cost of its lease or pur¬ 
chase will also vary in direct proportion to the square of the 
height of the tower. 

Item 4. The cost of the foundation is directly proportional to 
the tension for which the tower is designed and is practically 
independent of the height of the tower. 

Items 5, 6 and 7 are independent of the mechanical features of 
the towers and are constants for given transportation rates and 
market conditions of materials and labor. The magnitude of 
item 6 is practically proportional to the transmission voltage 
and is fixed for a given transmission voltage. 

The above analysis of the different cost items is based on the 
cost of a standard three-phase transmission line. 

Let L = length of the transmission line. 

2x — tower spacing. 
h = height of tower. 

ki = minimum clearance of cable to ground. 
y = maximum deflection of the catenary formed by the 
cable. 
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The number of line supports is, then 




and the height of the support is 

h = ki y 

The total cost of the line supports is 

M = N(hni + ks) 

where: 

k 2 = sum of items 1, 2 and 3. 
kz = sum of items 4, 5, 6 and 7. 

Substituting equations ( 66 ) and (67) into ( 68 ): 


( 66 ) 

( 67 ) 

( 68 ) 


M = "^(^2 [^ 1 H” + ^ 3 ) 


Substituting for y in above equation its equivalent from equation 

( 11 ), 

2 

ilf = -^ (^2 + c ^cosh + ^ 3 ^ ■ (69) 


For a minimum or maximum cost the derivative of equation 
(69) with respect to x must be equal to zero: 


d M 
dx 


= 0 


L 

2 


^2 ^2 c cosh— sinh — cosh ^ 

c c c 


X 


x^ 


2 k 2 C sinh — 2 ^2 cosh • 


+ 
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, 2 ^ ^2 ki sinh — 2 k2 ki c cosh — o l i. 

^2 __j_ c c , 2 ^2 


+ 


ki^ _ kz 


= 2 cx cosh — sinh ^ cosh^ ~ 
c c c 


2 cx sinh — 
c 


+ 2 cosh — — 
c 


+ 2kix sinh — - 2kic cosh — + 2 ki c - ki^ — 4^ 
c C ko 


But X — c X hence, 
c 


0 = ^2 /2 ^ cosh — sinh — — cosh^ — — 2 ~ sinh — 

\ c c c c c c 


+ 2 cosh ^ - l) 

+ 2 cki ^ sinh — cosh ~ + ~ — 

Simplifying: 

^cosh ^2 — sinh — cosh — -f- 

+ 2 cki sinh — — cosh — + l) = _l ^ 
\ ^ ^ of k<> 
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Equation (70) yields the minimum cost if the positive sign 
before the radical is used. 

For a given clearance of the cable to ground ki and a given 
hyperbolic argument, equation (70) contains only one variable, 
the ratio kz In practical line design the possible range of 

this ratio falls within the limits 500 and 1500. In the following 
table a',re given the solutions of equation (70) for kz h - 500, 
kz k 2 = 1000 and kz k^ ~ 1500 with arguments ranging 
between 0.06 and 0.20. The results are plotted in the form of 
curves of Fig. 4. The dotted curves were drawn by interpolation. 





o 

CO 

II 





kz kz — 500 

^3 -j- ki 

! = 1000 

kz -r- ki 

1 = 1500 

X 


2 x 





c 

c 

C 

2 x 

c 

2 x 

0.06 

7661 

919 

9480 

1138 

11104 

1332 

0.08 

4310 

690 

5330 

853 

6243 

999 

0.10 

2755 

551 

.3409 

682 

3979 

796 

0.12 

1913 

459 

2366 

568 

2771 

665 

0.14 

1403 

393 

1736 

486 

2034 

570 

0.16 

1073 

343 

1329 

425 

> 1555 

478 

0.18 

847 

305 

1048 

377 

1227 

442 

0.20 

686 

274 

848 

339 

982 

393 


The most economical tower spacing is the abscissa of the 
intersection point between the curve kz k^ corresponding to 
the given transportation rates and market prices of material 
and labor, and the curve of critical catenaries for the given cable 
plotted in terms of 2x and c; provided that the minimum clearance 
of the cable to ground is 30 ft. (9.1 m.). For any other clearance 
a different set of curves has to be computed with the use of 
equation (70). 

The significance of the kz k^ curves obtained by equation 
(70) will now be demonstrated by the solution of the following 
problem: 

Problem 4. What is the most economical tower spacing for 
the cable specified in problem 3 of section B ? 

The cost data of a transmission line built under practically 
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the same as the present conditions concerning transportation 
charges and prices of labor and materials are as follows: 


1. Cost of tower at place of erection. $190.00 

2. Cost of erection of tower. 30.00 

3. Cost of tower site. 10.00 

4. Cost of foundation installed. 125.00 

5. Cost of location and inspection of support. 13.00 

6. Cost of insulators at location of tower. 30.00 

7. Cost of placing insulators and cable. 10.00 


The height of the point of cable support above the tower 
footing is 37 ft. (11.2 m.). The tower is designed for a tension 



Fig. 4 


of 6000 lb. (2721.5 kg.) per cable. The transmission voltage is 
150,000. 

The transmission voltage of the line formed by the cable 
specified in problem 3 is to be 110,000. 

Solution. If the tower specified above were designed for a 
tension of 8400 lb. (3810.1 kg.), per cable, its cost would be 


190 X 8400 
6000 


$266.00 


and the cost of the foundation. 


125 X 8400 
6000^ ^ 


$175.00 
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For a transmission voltage of 110,000 the cost of the insulators 
will be approximately 


30X110,000 

150,000 


$22.00 


The remaining cost items are^not affected by the tension and 
transmission voltage. 

Cost data revised for different tension and voltage: 


1. Cost of tower at place of erection. $266.00 

2. Cost of erection of tower. 30.00 

3. Cost of tower site. 10.00 

4. Cost of foundation installed. 175.00 

5. Cost of location and inspection of support. 13.00 

6. Cost of insulators at location of tower. 22.00 

7. Cost of placing insulators and cable. 10.00 


Determination of the constants ^i, and kz of equation (70). 
ki = should not be less than 30. 

k 2 = sum of items 1, 2 and 3 divided by the square of the 
height of the point of support above the tower footing. 


266 + 30 + 10 

372 


= 0.2235. 


kz = sum of items 4, 5, 6 and 7, 

= 175 + 13 + 22 + 10 = 220. 


Hence, 




220 

0.2235 


984 


Interpolating the curve kz = 984 on Fig, 4 and plotting 
the curve of critical catenaries for the specified cable in terms 
of 2 x and c from column 3 of Table I and column 37 of Table 
III, respectively, the two curves are found to intersect at the 
point 2x = 605, c = 2730. 

Hence, the most economical tower spacing for the cable and 
climate specified in problem 3 is 605 ft. (184.4 m.). 

It will be remembered from the analyses of the preceding 
sections that the catenary at the minimum temperature under 
the most severe weather conditions is expressed by 


max, T - 7 - 


X 

wi — Cl cosh — 

Cl 
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The maximum tension max, T is proportional to the size of the 
cable of a given material, whereas the weight per unit length 
wi is not directly proportional to the size of the cable since the 
ice and wind load included in the term Wi does not vary in 
proportion to the size of the cable. It will be found, however, 
that the variation of the ratio max. T w\ decreases as the 
size of the cable increases, and that it will be practically neg¬ 
ligible for large cables such as are used for long transmission 
lines. The influence of temperature on the length of the span 
is independent of the size of cable and the influence on the caten¬ 
ary formed by the cable due to changes of average tension along 
the span is also practically independent of the size of cable, 
remembering that the catenary changes due to changes in 
tension are proportional to the ratio av. T ~.w. Therefore, the 
critical catenary is practically independent of the size of cable, 
and the curve on Fig. 4 representing critical catenaries for a 
copper cable in a given locality will be approximately fixed in 
location for any size of cable used in long transmission lines. 

Since the critical catenary is a function of the range of tem¬ 
perature for a given locality rather than a function of the magni¬ 
tude of the maximum or minimum temperature, and since the 
extreme range of temperature does not vary greatly for different 
localities in spite of the fact that the maximum or minimum 
temperatures may greatly differ, the critical catenary will be 
but little influenced by the location of the span. Of course, 
this generalization does not embrace span designs for the tropics 
and climates exclusively controlled by the trade winds. 

The most extraordinary fluctuations of transportation charges 
and market prices of labor and materials do not influence the 
ratio ^3 -J- ^2 to a very great extent since these factors jointly 
affect all the cost items which make up the total cost of a line 
support. The sensitiveness of this ratio to the influence of 
changes in the size of the cable is also very small since both 
and kz are affected practically in the same proportion. In 
comparing the magnitude of the item covering insulator cost 
with the total cost of the support, it will be conceded that varia¬ 
tions in this item also have little influence on the magnitude of 
the ratio. 

From the above it follows that for a given cable material the 
range of variation of the most economical tower spacing is very 
small, no matter what might be the size of the cable or the loca¬ 
tion of the transmission line in climates other than tropical or 
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subtropical, or what might be the prices of commodities used 
in the make-up of the finished support. 

Supposing a conservative estimate places the range of fluctu¬ 
ations of the ratio ks k 2 between the limits 800 and 1200, 
Fig. 4 will disclose the interesting fact that the most economical 
tower spacing for a copper cable, ranges between the narrow 
limits of 580 ft. (176.7 m.) and 630 ft. (192 m.) for a long trans¬ 
mission line. 

The above analysis in connection with the curves of Fig. 4 
will validate the statement that for a copper cable the most 
economical tower spacing is approximately 600 ft. (182.8 m.). 
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DESIGN CONSTRUCTION AND TESTS OF AN ARTIFICIAL 
POWER TRANSMISSION LINE FOR THE TELLURIDE 
POWER COMPANY OF PROVO, UTAH 


BY GEORGE H. GRAY 


Abstract of Paper 

A description is given of an artificial power-transmission 
line which duplicates, in considerable detail, an actual trans¬ 
mission system. Each unit of the artificial line represents 
about ten miles of the actual line. . . 

Methods are givdn of calculating the correct distribution of 
inductance between self and mutual, and of calculating the 
correct distribution of capacity between wire and wire, and wire 
and ground. ^ 

It is shown that this artificial system will duplicate very 
closely, even under extreme conditions of short cucuits and 
grounds, many of the phenomena occurring on the actual system. 

A description is given of some oscillographic tests, made on 
this line, of the magnitudes and pha-se relations of current and 
voltage at different points, when the line was subjected to various 
types of short cfrcuits and grounds. 

The data are presented in the form of vector diagrams; one tor 
each point of the line where readings were taken. In addition 
to the diagrams, arrow-headed lines are shown at each station. 
These indicate the magnitudes and directions of power now for 
each phase (as shown by star-connected wattmeters) and the 

total power flow. ^ ^ ^ ^ 

It is shown that the total power flow is not always toward the 
short circuit (or ground). Hence, two-wattmeter ^ principle 
relays will not always indicate toward the short circuit (or 
ground) and may sometimes operate the wrong switch. 

With a three-phase short circuit the direction of power flow 
for each phase, and consequently the direction of total power 
flow, is always toward the short circuit. ■■ a u 

With a two-wire short circuit, if the phase rot^ion is A ^ 

C, and the short circuit is between wires B and C the power flow 
indication of the B phase wattmeter is, at Ml stations, toymrd 
the short circuit. The wattmeters for the other phases may indi¬ 
cate away from the short circuit. 

A ground on a single wire does not appreciably alter the 
power flow indication of any of the wattmeters, if the neutral is 

^^1/the^neutral is grounded, the power flow indication for the 
grounded phase is toward the ground at all pomts. 

If two wires are grounded at the same time, with the neutral 
grounded, the power flow indications are practically the same as 
for the two-wire short circuit. 


Introduction 

There are three ways in which an experimental study of prob¬ 
lems connected with power transmission systems may be made: 

789 
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first, by using the actual system; second, using an experimental 
line; and third, using an artificial line. By an ^^expermental 
line” is meant a short length of line of the same type of con¬ 
struction as the actual system. By an "artificial line” is meant 
one in which the constants of the actual system are obtained by 
means of inductances, resistances and condensers, usually lumped 
at frequent intervals. 

The actual system would appear at first glance, to be the best 
place to conduct experiments, but it has certain disadvantages. 
In most cases it must be out of commercial service while the 
tests are being conducted; it is almost impossible to make simul¬ 
taneous observations at different parts of the system: in case 
anything goes wrong there is a chance that expensive apparatus 
may be damaged; and lastly, there is always the possibility that 
a switch which is vsupposed to be closed may be open, and vice 
versa. 

An experimental line is useful for studying the behavior of 
insulators, corona losses and similar problems, but is of no value 
for studying surges, voltage drop, or any problem which requires 
a long line. 

The artificial line, however, has none of these drawbacks, and 
for most purposes seems to be the best of the three. Its greatest 
disadvantage is that, in order not to expend any great amount 
of power in the line, the voltage must be kept low. This elimi¬ 
nates the studying of such problems as corona losses, disturbances 
resulting from arc characteristics, etc. The following tables 
show the relations existing between the different quantities when 
a 40-kilovolt system is represented by an artificial system oper¬ 
ating at 1000 volts: 

Kilovolts Amperes Kilowatts 


Actual. 40 100 20,000 

Artificial. 1 2.5 12.5 


Because of their many advantages, several artificial systems 
have been constructed during the last few years. Most of them, 
however, have been built by engineering schools which, naturally, 
have not been interested in duplicating any particular system. 
Each artificial line, therefore, has been uniform throughout its 
entire length and has been built to represent a single line (or 
two parallel lines) of some standard type of construction. 

The line described here is of a different character, and is, it 
is believed, the only artificial system which duplicates the whole, 
or the greater part of, an actual system. The line was built 
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about six years ago by the Telluride Power Company (now a 
part of the Utah Power & Light Co.); a hydroelectric concern 
which operated, at that time (besides other divisions), about 500 
miles of 44-kv. transmission line in northern Utah. This whole 



Utah division, with the exception of one unimportant loop, was 
duplicated in the artificial system. 

The artificial line was originally planned in 1908 by Mr. 
Edward Bennett (now Professor of Electrical Engineering in the 
University of Wisconsin). His original plans and computations 
were used la,ter by Mr. L. N. Crichton and the_author, who took 






TABLE I.—TRANSMISSION LINE DATA. 


Stations. 

Miles 

Type 

Spacing. 

(Inches) 

Mater¬ 

ial 

Size 

Wire. 

Equiv. 

Diameter 

(Inch) 

Lower wire 
. to ground 
(Average.) 

Constants per mile calculated 

Number 

of 

units. 

Assumec 

Dist. 

bet. 

stations 

1 

1 

1 Miles 

rep 

by each 
unit. 

Constants per unit. 

Resist¬ 
ance per 
coil 
(aver¬ 
age) 

External 

Resist¬ 

ance 

(approx) 

Ind., 10~^ Henrys. 

1 Capacity. 10“® Farads. 


Ind., 10-2 Henns 

j Capacity, 10~® Farads. 


Self 

per 

wire. 

1 Mutual 

1 

Centre 

to 

Grounc 

Centre 

to 

1 side 

Side 

to 

Grouiic 

Side 

to 

i side 

Resist, 
per wire 
10® C. 

Self, 

per 

wire. 

1 Mutual 

Centre 

to 

Ground 

Centre 

to 

side. 

Side 

to 

ground 

Side 

to 

side 

Resist, 
per wire 
10® C. 

Side 

to 

Side 

Center 

to 

Si de 

Side 

to 

side 

Cent. 

to 

side 

Side 

to 

side 

3ent. 

to 

side 

Grace to Logan, East. 

56.2 

I-x 

108 

Gm 

Cu. 

7 St. 
No. 8 

.363" 

30' 

2.70 

.55 

.73 

.645 

.305 

.719 

.188 

.451 

6 

56.2 

9.37 

2.53 

.52 

.68 

6.04 

2.86 

6.73 

1.77 

4.23 

2.95 

1.3 

" " “ West. 

56.2 

H~9 

lOS 

108 

Cu. 

No. 2 

2576" 

25' 

2.80 

.55 

.55 

.704 

.204 

.730 

. 189 

.777 

6 

56.2 

9,37 

2.62 

.52 

.52 

6.5'9 

1.91 

7.03 

1.78 

7.27 

3.00 

4.25 

Logan to Ogden, East 

34.5 

K-x 

276 

138 

Cu. 

7 si 
No. S 

. 363" 

35' 

2.70 

.26 

.47 

.724 

217 

.794 

.114 

.451 

4 

34.5 

8.63 

2.33 

.22 

.41 

6.24 

1.87 

6.83 

.98 

3.89 

2.80 

1.10 

“ “ Uintah, West. 

47.4 

K~u 

276 

138 

Al. 

7 st. 
.16" 

.451" 

35' 

2 64 

.25 

.47 

.736 

.228 

.810 

.115 

.461 

5 

47.4 

9.48 

2.50 

.24 

.45 

6,97 

2.16 

7.67 

1.09 

4.36 

3.00 

1.35 

Ogden to Farmington, East. 

21.9 

M-x 

288 

144 

Cu. 

7 St. 
No. 8 

.363" 

35' 

2.70 

,25 

.47 

.720 

.214 

.801 

.099 

.451 

2 

21.9 

10.95 

2.96 

.27 

.52 

7.88 

2.34 

8.76 

1.08 

4.94 

3.20 

1.75 

Uintah to " West. 

9.0 

L-u 

2 Gro 
276 

und Wire 
138 

s 

Al. 

7 st. 
.10" 

.451" 

35' 

2.64 

.25 

,47 

.941 

.165 

.976 

.070 

.461 

1 

9.0 

9.0 

2.38 

.23 

.42 

8.47 

1.49 

8.79 

0.63 

4.15 

2.85 

1.30 

Farm, to Salt Lake, East. 

15.7 

L-x 

2 

276 

Ground 

138 

Wires 

Cu. 

7 st. 
No. 8 

.363" 

35' 

2.70 

.25 

.47 

.912 

.158 

. 955 

.060 

.451 

2 

16.0 

8.0 

2.16 

.20 

.38 

7.30 

1.27 

7.64 

0.48 

3.61 

2.70 

.90 

“ “ '' " West. 

15.7 

M-u 

288 

144 

Al. 

7 st. 
.16" 

.451" 

35' 

.264 

.25 

.47 

. 733 

.226 

.819 

.108 

.461 

2 

16.0 

S.O 

2.12 

.20 

.38 

5.80 

1.81 

6.55 

0.87 

3.69 

2,70 

1.00 

S. Lake to Jor. Narrows, E... , . .. 

21.5 

G-o 

72 

60 

Cu. 

No. 4 

.2043" 

25' 

2.88 

.68 

.73 

.649 

.251 

.686 

.214 

1.24 

2 

20.0 

10.0 

2.88 

.68 

.73 

6.49 

2.51 

6.86 

' 2.14 

12.4 

3.35 

9.25 

“ “ " " W. 

21.5 

B-n 

76 

76 

Al. 

7 st. 
.0985" 

.278" 

25' 

2.80 

.67 

,67 

.682 

.243 

.714 

.232 

1.26 

2 

20.0 

10.0 

2.SO 

.67 

.67 

6.82 

2.43 

7.14 

2.32 

12.6 

3.10 

9.50 

Jor. Nar. to Olmsted. 

18.9 

E-9 

76 

74.5 

Cu. 

No. 2 

.2576" 

25' 

2.80 

.67 

.67 

.672 

.241 

' . 705 

.229 

.777 

2 

18.9 

9.45 

2.65 

,63 

.63 

6.35 

2.28 

6.66 

2.37 

7.35 

3.05 

4.30 

“ “ Lehi. 

8.2 

G-n 

72 

60 

Al. 

7 st. 
.0985" 

.278" 

25' 

2.80 

.68 

.73 

.656 

.273 

.703 

.229 

1.26 

1 

10.0 

10.0 

2.80 

.68 

.73 

6.66 

2.73 

7.03 

2.29 

12.6 

3.10 

9.50 

Lehi to Olmsted. 

13.5 

A-g 

76 

76 

Cu. 

No. 5 

.1819" 

25' 

2.91 

.67 

.67 

.656 

.222 

.69il 

.209 

1.56 

1 

11.0 

11.0 

3.20 

.74 

.74 

7.22 

2.44 

7.60 

2.30 

17.15 

3.40 

13,7 

S. Lake to Garfield, South. 

11.8 

E-9 

76 

74 5 

Cu. 

No. 2 

.2576" 

25' 

2. SO 

.67 

.67 

.672 

.241 

,705 

.229 

.777 

1 

11.8 

11.8 

3.30 

.79 

.79 

7.93 

2.84 

8.31 

2.70 

9.18 

3.40 

6.80 

“ “ " North. 

11 .S 

P-9 

76 

61 

Cu. 

No. 2 

.2576" 

25' 

2.80 

.67 

.73 

.654 

.267 

.701 

.217 

.777 

1 

11.8 

11,8 

3.30 

.79 

.86 

7.71 

3.15 

8.27 

2.56 

9.16 

3.40 

5.80 

Garfield to Bingham. 

22 .S 

E-9 

76 

74.5 

Cu. 

No. 2 

.2576" 

26' 

2.80 

.67 

.67 

.672 

,241 

.705 

.229 

.777 

2 

22.8 

11.4 

3.19 

.77 

.77 

7.66 

2.75 

8.04 

2.61 

' 8.85 

3.40 

6.45 

Bingham to Jor. Nar. South. 

11.5 

P-9 

76 

61 

Cu. 

No. 2 

.2576" 

25' 

2.80 

.67 

.73 

.654 

.267 

.701 

.217 

.777 

1 

11.5 

11.5 

3.22 

.77 

.84 

7,52 

3.07 

8.06 

2.50 

8.95 

3.40 

5.65 

“ North. 

11.5 

P-9 

76 

61 

Cu. 

No. 2 

.2576" 

25' 

2.80 

.67 

.73 

.654 

.267 

.701 

.217 

.777 

1 

11.5 

11.5 

3.22 

.77 

.84 

7.52 

3.07 

8.06 

2.50 

8.95 

3.45 

5.50 

“ " Cedar Port. 

13.8 

C-s 

76 

76 

Al. 

7 st. 
.138 

.370" 

25' 

2.69 

.67 

.67 

,692 

.261 

,730 

.249 

.619 














Lehi “ " “ ... . 

8.6 

A-g 

76 

76 

Cu. 

No. 5 

.1819" 

25' 

2.91 

.67 

.67 

.656 

,222 

.691 

.209 

1.56 














Mercur to “ ". 

8.5 

A-g 

76 

76 

Cu. 

No. 5 

.1819" 

25' 

2.91 

.67 

.67 

.656 

.222 

.691 

.209 

1.56 














" " Eureka. 

27.6 

A-k 

76 

76 

Al, 

7 st. 
.088" 

.248" 

25' 

2,83 

.67 

.67 

.671 

.238 

.705 

.226 

1.56 














Olmsted to " . | 

40.6 

A~n 

76 

76 

Al, j 

7 st. 

.0985" 

.278" 

25' 

2.80 

.67 

.67 

,682 

.243 

.714 

,232 

1.26 















[gray] 
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up the work and completed the line during 1911, after making 
quite extensive additions to the plans. 

The line was built mainly with the idea of using it to study the 
operation of some sectionalizing relays which were being develop¬ 
ed by the company. These tests, however, are the subject of 
another paper being prepared by Mr. Crichton, and hence will 





Fig. 2—Types of 40,000-Volt Line Construction—The Telluride 

Power Company 


not be treated here. Only the details of the line and some tests 
in which the relays were not used will be discussed- 

The general layout of the Utah division of the Telluride Power 
Company in 1911 is shown by Fig. 1. The total generating 
capacity was a little under 24,000 kw., most of which was at 
the two ends of the system (11,000 kw. at Grace and 7,200 kw. 
at Olmsted). The load averaged about 14,000 kw. The total 
length of the lines was a little over 500 miles, covering about 340 
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miles of right of way. About 410 of the 500 miles were repre¬ 
sented in the artificial system. 

In Pig. 1 the duplicated part of the system is shown in full 
lines and the balance in dotted lines. The duplicated part, as 
will be seen, consisted of the Grace and-Olmsted power stations, 
the parallel trunks from Grace to Olmsted through Salt Lake 
City (about 160 miles), the loop from Jordan Narrows through 
Bingham and Garfield to Salt Lake City (double except between 
Bingham and Garfield), the substations at Bingham and Gar¬ 
field and the connection with the Utah Light & Railway Company 
at Salt Lake City. The lengths of the lines, the size and spacing 
of conductors, and other such data are given in Table L Fig.- 
2 shows the different types of line construction. 

DESIGN AND CONSTRUCTION 
Transmission Line 

The features of the transmission line which must be dupli¬ 
cated or approximated are: 

Distributed inductance and capacity. 

Leakage currents. 

Electromagnetic coupling of phases. 

Electrostatic coupling of phases. 

Resistance of line conductors. 

Distributed Inductance and Capacity. The most feasible way 
in which the large inductance and capacity of the transmission 
line may be obtained within the limits of an ordinary room is by 
the use of coils of wire and plate condensers. This, of course, 
does not result in distributed constants, but it has been shown 
that, for the frequencies used for the transmission of power and 
for the harmonics ordinarily encountered with those frequencies, 
an artificial line constructed with the capacities lumped at fre¬ 
quent intervals represents, to a very close degree of approxima¬ 
tion, the actual line. 

For example, if the spacing is such that there are ten conden¬ 
sers per wave length, most of the phenomena will be duplicated 
within 1 per cent. Since the ordinary 60-cycle power-trans- 
mission line has a wave length of about 3000 miles, a spacing 
of 300 miles is allowable. Even for the ninth harmonic- the 
spacing may be as great as 33 miles without serious error. As 
this artificial line was composed of units, each representing only 
about ten miles of transmission line, errors due to lumping may 
be considered negligible. 



794 


GRAY: ARTIFICIAL TRANSMISSION LINE 


Each unit consisted of three air-core inductance coils, electro- 
magnetically interlinked, to represent inductive effects, with 
condensers connected between the coils, and also between each 
coil and ground, to represent capacity effects. In addition, 
resistance wire was used in series with each coil to represent the 
line resistance. 

Leakage Currents. The resistance between each line wire and 
ground on the actual system was found to be of the order of 300 
megohms per mile under average conditions. On a 40-kv. 
system, 500 miles long, having a peak load of 14,000 kw. and cur¬ 
rent per wire of 250 amperes, this means a total leakage current 
of only 0.038 amperes per wire, and a total watt expenditure of 
only about three kilowatts. These are negligible quantities and 
no attempt was made to approximate them on the artificial 
system. The resistance of the condensers from line to ground 
was about 300 megohms per ten-mile unit, or 3000 megohms 
per mile, when cold. 

Electromagnetic Coupling of Phases. When the three con¬ 
ductors of a three-phase line are arranged at the vertices of an 
equilateral, triangle, and the currents in the three phases are 
balanced, the sum of the currents in any two wires is equal to 
the current in the third wire, and flows in the opposite direction. 
Therefore, the only magnetic flux which is effective in producing 
the inductance of any wire is the flxix due to the current in that 
wire and which lies between it and the other two wires. This 
flux, in absolute units, is 

2//(log.^-l) ( 1 ) 

in which I = length of wire in centimeters. 

d = distance between conductors. 
r = radius of conductor. 

I == current*in absolute units. 

The usual practise in line calculations is to consider this 
magnetic flux as causing the self inductance of the wire, thus 
eliminating the mutual inductance between wires or phases 
from the calculations; in which case the self-inductance of each 
wire, to neutral, is 


i - 2 ;.(iog, f -1) 


(2) 
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If the system were always balanced, it would be satisfactory 
to represent the three line wires in the artificial system by 
three separate coils, each having a self-inductance as determined 
above and arranged so as to have no mutual effects upon each 
other. It is evident, however, that such an artificial line would 
fail to represent unbalanced conditions. For instance, if the 
artificial system were operated with grounded neutrals and a heavy 
short circuit should occur between one wire and neutral, it would 
have no effect upon the voltage between the other wires and 
neutral; whereas, owing to the mutual inductance between con¬ 
ductors on the actual system, this voltage should be affected. 

It seemed advisable, therefore, to use coils having the correct 
inductance to represent the self-inductance of the wires, and to 
arrange these coils so that the correct mutual effects would be 
obtained between them. This necessitated the determination of 
the actual distribution of self and mutual inductance. 

A method of doing this, which seemed at first to'have some 
merit, was to use the formula* for the self-inductance of a single 
straight conductor. This formula is 

Ls = 2z(log.^- I) (3) 

The corresponding formula for mutual inductance is 

= 2z(log,^-l)‘ (4) 

where /, d and r have the same significance as in formula ( 1 ). 
However, in the derivation of formula (4) all of the flux, due to 
wire 1, between d and infinity, is considered to be effective in 
producing the mutual inductance; while, in the actual system, 
in a case like the one cited above (with the grounded wire) 
only the flux between d and the path of the current in the ground 
would be effective. Another objection to this method was that 
a large amount of copper would be required to produce the large 
self-inductance. As mutual inductive effects were to play, at 
most, only a small part in the operation of the line, it did not seem 
wise to go to this extra expenditure for copper. 

Hence it was decided to approximate, as closely as possible, the 

*See Bulletin of the Bureau of Standards, Vol. IV, page 301. '‘The 
Self and Mutual Inductances of Linear Conductors,” by E. B. Rosa. 
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distance from the wire to the path of the return current in the 
ground. The accurate calculation of this distance was an almost 
impossible problem because of the unknown and variable re- 
sistances of the different layers of soil. Fifty feet was finally 
selected as this distance, and all of the calculations of self¬ 
inductance and mutual inductance were made on the assump¬ 
tion that the three wires had a common return, located fifty feet 
from the conductors. 

The self-inductance of each wire was then found from the 
formula 

^ 50X 12 , 1\ 

Ls = 2Z^l0ge—- +J-f 

and the mutual inductance from : 

r _ o 7 50 X 12\ 

Z/M —"21 / loge ^ J 

The values given by these three methods for ten-mile sections 
(the average length of the sections used) of No. 2 solid copper, 
spaced nine feet on a side, are given in the following table. 


Inductance of 10 miles. 
_(10~^ henrys) 



Ls 

Lm 

Ls — Lm. 

Neglecting mutual inductance.. 

2.25 

0.00 

2.25 

Return at infinite distance. 

4.95 

2.70 

2.25 

Return 50 feet from wires. 

2.80 

0.55 

2.25 


The resulting inductance for balanced conditions is seen to be 
the same, regardless of the method used, but the other values 
vary widely in the different methods. The first and second 
methods may be considered as setting lower and upper limits, 
respectively, for the self and mutual inductances. The true 
values lie somewhere between and probably not very far from 
those given by the third method. 

Reducing these formulas (assuming the return 50 feet away) 
to practical units, we obtain, (for the inductance of each wire 
to neutral) 

Ls = 0.322 X 10“^^2.303 logio - - ^ henrys per mile, 

and 

Lm = 0.742 X 10“^log 10 —^henrys per mile. 
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From these formulas the self and mutual inductances were 
calculated for each different type of construction. These values 
are given in Table I, in the column headed “Constants per Mile, 
Calculated”. 

In calculating the inductance and capacity for the stranded 
wires, a value midway between the diameter of the stranded 
wire and that of a solid wire having the same cross section was 
used for the diameter. This is the value given in Table I in 
the column headed “Equivalent Diameter”. 

The line was divided into sections, each approximately ten 
miles in length. The values for the self and mutual inductances 
of each of these sections are given in Table I, under the heading 
“Constants per Unit”, 

In proportioning the coils, Stefen’s Formula* for the self¬ 
inductance of coils was used, and the measured values of the 
self-inductance were found to agree with the computed values 
to about one half of one per cent. 

The coils were made about six inches in mean diameter, and 
were wound with No. 17 double-cotton-covered copper wire. 
The number of turns varied from 360 to 435. A further means of 
adjustment was provided by bringing out several taps on each 
coil. The coils were wrapped with one layer of half-lap lin-o- 
tape, but were not shellacked. 

The three coils to represent one section were then mounted in 
a wooden frame, as shown in Figs. 5 and 6. The correct self¬ 
inductance was obtained by means of the taps referred to. 
The correct mutual inductance between “side wires” was obtained 
by adjusting the coils in the horizontal slots; and that between 
the “center wire” and the “side wire” by adjusting the center 
coil in the vertical slot. 

The range of inductance is illustrated by the values given in 
Table II for a few of the coils. 

Tests showed that the coils could carry 2.2 amperes continu¬ 
ously with a 40 degree rise, and that 3.5 amperes could be 
carried for 15 minutes without dangerous heating. This cur¬ 
rent (3.5 amperes), at 1000 volts, corresponds to a current on 
the 44--kv. system of 154 amperes, which was never exceeded for 
any length of time. 

Electrostatic Coupling of Phases. The only arrangement 

*Bulletin of the Bureau of Standards, Vol. 5 No. 1. Formulas and 
Tables for the Calculation of Mutual and Self Inductances of Coils 
by Rosa and Cohn, 
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whicli will exactly represent, under all conditions, tlie capacity 
effects between the wires of a transmission system and ground, 
is the exact geometrical equivalent, on a small scale, of the line 
and earth immersed in a dielectric of very high inductive ca¬ 
pacity. To keep such a line down to a reasonable length, a di¬ 
electric would be needed having a specific inductive capacity of 
5000 or niore. ^ No such dielectric exists, so an arrangement was 
adopted in which properly proportioned plate condensers were 
connected between the conductors, and between conductors and 


TABLE II. , 

Inductance in 10~2 henries. 


Inst. No. 

Coil No. 

Lx 

Li 

Lz 

Li 


1.6 


53 

15 

44 

61 

2.57 

2.57 

2.56 

2.61 

2.61 

2.61 

2.66 

2.66 

2.66 

2.71 

2.71 

2.71 

2.78 

2.78 

2.78 

2.83 

2.83 

2.83 

3.04 

3.13 

3.14 

54 

47 

65 

64 

2.56 

2.58 

2.56 

2.60 

2.61 

2.60 

2.65 

2.66 
2.65 

2.70 

2.70 

2.70 

2.76 

2.76 

2.76 

2.84 

2.83 

2.84 

3.06 

3.19 

3.18 

55 

128 

129 

131 

2.83 

2.85 

2.83 

2.89 

2.90 
2.88 

2.95 

2.96 
2.94 

2.99 

3.00 

2.98 

3.06 

3.07 

3.05 

3.17 

3.17 

3.15 

3.29 

3.29 

3.28 

56 

114 

111 

113 

3.00 

3.01 

2.97 

3.05 

3.07 

3.02 

3.11 

3.14 

3.09 

3.15 

3.18 

3.12 

3.22 

3.25 

3.20 

3.31 

3.36 

3.30 

3.43 

3.43 

3.43 

57 

117 

112 

115 

2.£>3 

2.95 

2.95 

3.00 

3.01 

3.02 

3.06 

3.07 

3.08 

3.10 

3.12 

3.18 

3.19 

3.20 

3.29 

3.29 

3.30 

3.42 

3.47 

3.40 

58 

120 

121 

126 

2.78 

2.78 

2.81 

2.83 

2.83 

2.87 

2.89 

2.89 

2.94 

2.93 

2.93 

2.98 

3.01 

3.01 

3.05 

3.12 

3.11 

3.15 

3.41 

3.40 

3.41 


ground, as shown in Fig. 3A. This arrangement, as will be seen 

■ TheT''°''v distribution of capacity. 

1 condensers were calcu. a 

lated as follows: ^ y 

Smee the earth may be treated as an infinite 
eqmpotential plane, the actual transmission ^ 
system (consisting of the earth's surface, con- 

duplicate of the upper 

?hi actuar^T't’ distribution which would be found between 

hL -nd the images of 

tnose charges with reference to the earth’s surface. 
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Replacing the equipotential plane, then, by the images of the 
conductors and their charges, the potential above ground of 
any wire (say No. 1) is found to be 

Fi = 22 i loge + 2^2 loge + 223 log* + . 

Tl Cl2 ^3 


in which there is one term for each wire, qi, q^, $ 3 , etc. repre¬ 
sent the quantities per unit length on the various conductors. 
Ti is the radius of wire No. 1 . Z>i, £> 2 , Dz, etc. are the distances 
from conductor No. 1 to the images, and di, dz, etc. are the 
distances from No. 1 to the other conductors. (For the de¬ 
rivation of this formula, see Appendix A). 

By obtaining as many of these equations as there are unknown 
quantities q, solving for the g’s, the quantity q on any con¬ 
ductor (and its phase relation) can finally be expressed in terms 
of the potentials of the conductors. 

These calculations were made for wires No. 1 and No. 2 , with 
the system ungrounded and for wire No. 1 with the center wire 
grounded, assuming the voltages to remain balanced in both cases. 

Letting x, y, z and w represent the values of the capacities 
(connected as shown in Pig. 3A) the displacements CV across 
the three condensers connected to one wire were added (vec- 
torially) and the sum put equal to the quantity qi or q^ found by 
calculation for that wire. From these equations the values for 
the condensers x, y, s, and w were easily found. 

These condenser values were calculated for each different type 
of construction, and are given in Table I, under the heading 
Constants per Mile, Calculated”. The complete set of calcu¬ 
lations for one type is given in Appendix B. 

The following values are taken from the calculations in Ap¬ 
pendix B. They represent, in 10~® coulombs, the quantities 
on the different conductors per mile; assuming that the voltages 
to ground are: A sin a, A sin (a -- 120 deg.), and A sin 
(a — 240 deg.), for the three conductors. 

Left 1.339 A sin (a + 0.55 deg.) 

Center 1.316 A sin {a — 120 deg.) 

Right 1.339 A sin {a - 240.55 deg.) 

Since the potential of the left conductor to ground is A sin a 
and that of the center conductor A sin (a — 120 deg.), the 
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capacities of these conductors are seen to be 1.339 and 1.316 
X 10“^ farads per mile. The usual formula, C = -r, 

21og4 

gives the capacity as 1.329 X 10“^ farads per mile. This is 
between the true values given above. (1.339 and 1.316), and is 
very nearly equal to the average of the capacities of the three 
conductors. 

How closely this artificial arrangement approximates the 
actual conditions is seen by considering several extreme cases. 
For example, if both outside conductors are earthed, the capacity 
of the center conductor to earth is 1.112 X 10"^ farads. In the 
artificial system it is 1.112 X 10“^. If all three conductors are 



Fig. 3— -Construction of Condensers X, Zi, Z2, W , Y , Connected 
AS Shown to Left— I and g Represent Extra Plates Used in 
Adjusting 


connected together, their capacity to earth is 2.209 X 10"® far¬ 
ads. In the artificial system it is 2.204 X 10~\ The capacity 
of the right conductor to earth, the other two being insulated, is 
1.058. The artificial system gives 1.059. For the center conduc¬ 
tor the values are 1.023 and 1.024. 

The condensers consisted of lead foil plates, separated by three 
thicknesses of ordinary letter paper (Colorado Bond.) Extra 
sheets were added between the different groups and a J in. pine 
board was used between the line-to-line and the line-to-ground 
groups. 

The plates were of 0.0015-in. lead foil, each 4 in. by 8 in., with ' 
a tab for connecting alternate plates together, A few plates 
were left unconnected at the end of each group, to be used in 
adjusting the condenser to the correct value. 
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Each condenser was tested at 2000 volts for one minute. 
They will operate continuously at 1000 volts, 60 cycles, without 
dangerous heating. 

Fig. 3 shows, diagrammatically, the construction of the con¬ 
densers. 

The capacity of each group of plates and the possible adjust- 


TABLE III. 


Condenser data. Capacities in 10“® farads 


Cond. No. 

56 

57 

58 

59 

60 

With stand 






number. 

36 

27 

52 

26 

40 

Zi 

8.01 

6.66 

6.76 

7.09 

7.86 

Zi 

8.01 

6.88 

6 76 

7.37 

8.10 

Zi + g + 1 

8.68 

- 7.11 

7.36 

7.57 

8.34 

Zi + 1 

8.33 

6.66 

6.91 

7.09 

7.86 

z 

7.85 

6 55 

6.34 

6.41 

7.12 


7.85 

6.55 

6.34 

6.41 

7.27 

X + l 

8.55 

7.05 

6.91 

6.98 

7.53 

X + 1 

8.29 

6.90 

6.71 

6.80 

7.21 

Zj 

8.68 

6.78 

6.71 

6.80 

7.65 

Za +g 

8.68 

7.02 

7.06 

7.09 

7.86 

Z2 + fi + 1 

9.30 

7.29 

7.30 

7.34 

8.08 

Za -h 1 

9.01 

6 78 

6.71 

6.80 

7.65 

Yi 

1.84 

1.84 

1.83 

1.98 

1.89 

Yi 

1.95 

1.84 

1.83 

1.98 

1.97 

Yi+g-i-l 

2.19 

2.30 

2.31 

2.52 

•2.21 

Yx +1 

1.84 

2.10 

2.04 

2.28 

1.89 

Yi 

2.15 

1.84 

1.89 

2.02 

1.82 

Yi+i 

2.25 

2.07 

2.14 i 

2.32 

1.92 

F2 + g + 1 

2.62 

2.22 

2.28 

2.43 

2.14 

Yi + 1 

2.36 

1.84 

1.89 

2.02 

1.82 

W \ 

0.62 

1.67 

1.89 

1.74 

0.60 

W +g 

0.86 

1.89 

1.89 

1.74 

0.81 

W +g +l 

1.08 

2.07 

2.45 

2.28 

1.04 

W + 1 

0.62 

1.67 

2.18 

2.02 

0.60 


ment obtainable with the extra end plates, is shown by Table 
III for a few of the condenser units. 

Resistance of Line Conductors. The resistance of the induc¬ 
tance coils was approximately three ohms, or 0.3 ohm per mile. 
Therefore, by connecting an additional resistance in series with 
the coils, any conductor up to, and including number 000 copper 
could be represented. This was larger than any in use on the 
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system. These external resistances were made of such a value 
that the combined resistance of the coil and external resistance, 
when carrying normal current, was equal to the resistance of the 
corresponding section of the actual line at the average temper- 
ture, 20 deg. cent. 

The external resistances were of No. 18 Nichrome wire, 
wound in the form of spiral springs about f in. in diameter. 
Each coil was connected between a binding post of the coil- 
stands and the correct tap of an inductance coil, as shown in 
Eig. 5. 

These coils, or spirals,” were found to have only a very small 
inductance, (less than the difference between adjacent taps of 
the coils) so that their effect on the inductance was negligible. ■ 
The resistances of the inductance coils shown in Table II are 
given in the column headed R.^. These are the total resistances, 
at 20 deg. cent, not the resistance of the particular tap which was 
used. ■ Table I, column headed “External Resistance, (Approx.)” 
shows approximately the amount of resistance required per line 
wire per section. This is only an average value, since the resistance 
of the different coils in the same section was found to be different. 

Assembly of Line. Fig. 5 shows the method of assembling the 
units. The condensers were tapped in between the resistance and 
the inductance of each unit, and placed to one side of the coil- 
stands. 

Tests were made to determine the mutual inductance between 
units, and also the effect on the inductance of the iron straps 
with which the condensers were bound. Both of these were 
found to be negligible. 

The boards shown between tiers were inserted in order to 
facilitate the removal of any unit for repairs or alterations. 

Transformers 

The artificial system was operated at about 1000 volts from 
the 230-volt, three-phase, 60-cycle laboratory mains, by means 
of two banks of step-up transformers; one connected to the 
Grace and the other to the Olmsted station of the artificial sys¬ 
tem. Step-down transformers were used at the three substations 
and at the Salt Lake station two V-connected potential trans- 
formers were also used. 

The actual transformers were connected A-Y at Grace and Salt 
Lake and A-A at Olmsted. As only one three-phase source was 
available for the artificial system, these two different connections 
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could not be used. The Olmsted transformers were, therefore, 
connected A-Y, to correspond with the connections at the other 
two stations. Taps were provided at the proper points on the 
high-tension side to adapt them to A-A operation, in case a 
second supply should become available. Additional taps were 
provided on the low-tension side of all transformers. 

Two series transformers were used in the lines of the artificial 
system at each of the three substations, to supply current to the 
relays. 


Generators 

The generators were, as stated before, the supply mains of the 
laboratory. It was thought advisable, however, to provide a 
gradual decrease in the short-circuit current, similar to that 
brought about in the actual system by the demagnetizing action 
of the short-circuit currents on the generator fields. To accom¬ 
plish this, the ‘‘artificial generators” shown in Fig. 5 were con¬ 
structed, and connected to the system at Grace and Olmsted 
and at the Salt Lake substation. Each generator consisted of 
three coils, one in series with each line wire. An iron core was 
held by a spring above each coil and with its end just entering 
the coil. When the line current became excessive, the core was 
pulled into the coil, thus considerably decreasing the current. 
The desired rate of decrease was obtained by means of the 
dashpots shown. When the disturbance was removed the core 
returned automatically to its former position. 

Load 

‘ The loads at Bingham and Garfield were taken care of by the 
shop motors in combination with some carbon lamps. A power 
factor and load at each place equivalent to those on the actual 
system could thus be obtained. 

The situation at the Salt Lake substation was rather peculiar. 
The Utah Light and Railway Company bought considerable 
power at that point, but also ran their generators in parallel with 
those of the Telluride system. Thus, under short-circuit condi¬ 
tions, power would sometimes flow back into the system. This 
situation was met in the artificial system by raising the voltage 
on the low-tension side of the Salt Lake transformers and con¬ 
necting them to the supply mains. Thus power was made to 
circulate around the system, coming in at the Grace and Olmsted 
stations and flowing out at Salt Lake. Wattmeter measurements 
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made during one of the tests showed a load of 2.1 kw. at Salt 
Lake with only 0.3 kw. coming from the laboratory mains. Of 
course, with a short circuit near the substation, the direction of 
power flow was reversed. 


Switchboard 

The artificial system was controlled almost entirely by means 
of the switchboard shown in Figs. 4 and 5. On the front of this 
board was painted a map of the system, giving the location of 
each switch, power station, substation, etc. The high-tension 
windings of the transformers and the ends of the transmission 
line sections were brought to their proper places on the back of 
this board, terminating in small, spring clips. The switches were 
of the plug type and consisted of wooden blocks with three spikes 
driven into each. By inserting these from the front of the board 
the desired clips could be connected together behind the board. 
All high tension was thus kept behind the board, which made the 
operation of the line much safer. A hole drilled into each spike, 
where it entered the wooden block made possible the insertion 
of plugs (attached to lamp cord) for obtaining the voltage at 
any desired point. To obtain the current, plugs with split tips 
were used. Thus, instead of passing directly from clip to clip 
through the plug the current could be led out through an 
ammeter and back to the other side of the plug tip. The same 
two types of plugs were used for obtaining current and voltage for 
oscillograph work. Shelves, as shown in Fig. 4, could be readily 
attached to the board, for holding meters or other apparatus. 

All of the wiring behind , the board was done with No. 19 
three-conductor telephone wire, having red, yellow, and green 
tracers. ^ As the corresponding wires on the front of the board 
were painted the same colors, any trouble could be traced very 
easily. 

The neutrals of all of the condensers were connected together, 
and used as the ground of the system. 

Pilot lamps and ammeters were placed in the low-tension side 
at each station, to indicate, roughly, the load and voltage con¬ 
ditions. 

In Fig. 4 a three-pole switch, with three braided leads attached, 
IS shown to the right and above the Salt Lake substation. By 
connecting either two or three of these leads to any desired 
pomt, and closing the switch, a single or three-phase short cir¬ 
cuit could be thrown on the system at that point. 
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Fig. 4—Front View of Artificial Line [gray] 

Fig. 5—Side View of Artificial Like 
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A ground could be studied by means of the grounding device 
shown below the short-circuiting switch. This consisted of 
three carbon arcs, the front carbons of each being connected to 
ground (the condenser neutrals), and the back, by means of 
lamp cord and a plug, to any wire at the point where it was de¬ 
sired to have a ground. Either a solid or an arcing ground could 
thus be represented, and the character of the arc could be 
varied by changing its length or by using different electrode 
materials. 

The switches at Bingham, Garfield, and Salt Lake were made 
automatic and were worked from the relays, previously referred 
to, by means of a trigger and spring. 

TESTS ON ARTIFICIAL LINE 
Description of Tests 

On a power-transmission system where each line is a unit in 
itself, simple overload relays are, in general, satisfactory for 
tripping off grounded or short-circuited lines. If the lines are 
interconnected, however, as in a network, some other device 
must be employed in order that only the section upon which the 
trouble is located may be disconnected. For this purpose some 
form of differentially selective relay is generally used. All such 
relays depend, for their action, upon conditions in the power 
lines, which show the direction, and in some cases the approxi¬ 
mate location, of the disturbance. 

Probably the most common form of differentially selective 
relay is the wattmeter relay. This is provided with two current 
and two potential coils, and is connected to the circuit according 
to the well known ‘Two-wattmeter method” for measuring 
power. Two wattmeters, it can be shown, will correctly measure 
the total amount of power flowing in a three-wire circuit and 
will also indicate the direction in which that power is flowing. 
Hence, if a “two-wattmeter relay” is properly connected to a 
circuit its moving element should swing in one direction or the 
other according to the direction in w''hich power is flowing in 
that circuit. 

It is generally assumed that, with a short circuit in a given 
section of a network, power is flowing toward the short circuit 
from both ends of that section. Therefore two-wattmeter 
relays located at the ends of the section should indicate toward 
the short circuit, and if combined with suitable overload devices* 
should disconnect that section of line. 
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A little consideration will show, however, that it might be 
possible for the short-circuit power passing a given point toward 
a single-phase short circuit to be less than the load power 
flowing in the other direction, over the other two phases. Under 
these conditions a two-wattmeter relay placed at that point 
would indicate away from the short circuit and, if it operated 
at all, would operate the wrong switch. 

This is something which has frequently happened in practise. 


O Switch Open 

• Sv/itch Closed 

©Automatic Switch 

X Ground or Short 
at this point 

Additional Switches Closedr- 
For Test- Switch:- Place:- 
1,4,5,& 6 5 & 9 Salt Lake 

2 5 Salt Lake 

3 2 Salt Lake 

3 Garfield 
1 Bingham 

Open 3 Bingham 


Garfield 




Grace Sta. "0” 



Uintah Sta. "103" 

3 I 4 

■i Farmington Sta. "113" 
^ 5 



Fig. 7-Connections for Short-Circuit and Ground 1 
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line.^^;eet:dTSb^^ 

phase relations and magnftuderSTh’ ^'^tual 
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but a method of connecting relayrso that^tf 
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readily be made at any stations desired. To simplify matters, 
only a part of the artificial line was used, connected as shown in 
Fig. 7. For all of the tests power was supplied through the Grace 
transformers and the two lines between Grace and Salt Lake were 
used, paraded at both ends. The load was in all cases assumed 
to be at Salt Lake. When the Bingham and Garfield trans¬ 
formers were used, the line losses between Salt Lake and these 
stations were treated as part of the load. The load consisted 
of incandescent lamps combined with the shop motors, running 
idle, to give a lagging power factor. Attempts to use the motors 
alone did not work well for it was found impossible to load them 
with brakes and keep the load steady. In some of the tests, two 
banks of transformers were used: one carrying load and the 
other unloaded. The ground or short circuit (indicated by the 
cross on Fig. 7). was put on the East line at Farmington, in such 
a position that the currents could be obtained, at Farmington, 
on both sides of the trouble. 

In what follows “ground” always refers to the midpoints of 
the condensers (all of which were .connected together), and 
“neutral” to the midpoint of the star-connected transformers. 
The stations where the measurements were taken will hereafter 
be designated by giving their distance, in miles, from the gen¬ 
erator end of the line, instead of by the actual name of the 
station. Thus Grace, the generating station, is called Station 0, 
Farmington, which is 113 miles from Grace, is called Station 113, 
etc. This gives more meaning to the relative magnitudes of the 
cxmrent and voltage vectors at different points. 

The phase relations between the currents and the voltages 
at a station were determined at a number of points for six 
different conditions of the line, namely: normal condition, three- 
wire short circuit, two-wire short circuit, ground on one wire 
with neutral of transformers ungrounded, ground on one wire 
with neutral grounded, and grounds on two wires with neutral 
grounded. Using the current and voltage plugs, previously 
described, oscillograms of the three currents and the three volt¬ 
ages to ground (the midpoint of the condensers) were obtained 
at each station desired. Measurements on these gave the mag¬ 
nitudes and phase relations of the three currents and voltages at 
that station. The vector representing the voltage between the 
A wire and ground at Station 0 was then taken as the reference 
vector. By taking additional oscillograms showing this voltage 
and one of the currents and voltages at another station, the lag 
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8c shows much the same effects as were brought out in Fig. 8a. 
They are more pronounced, however, because this oscillogram 
was taken much nearer to the grounded point of the line. The 
comments given for Fig. 8b apply also to Figs. 8d and 8e. 

Figs. 9a, 9b, 9c, 9d and 9e illustrate the grounding of 
the B and C wires when the neutral of the transformers is 
grounded. Fig. 9a shows the three voltages at a point near 
where the wires were grounded and Fig. 9 b shows the currents 
flowing out from the generating station over the East line, upon 
which the ground was placed. Both of these oscillograms show 
the effects which would be expected, and require no discussion. 
The middle wave on Fig. 9c shows the B current at Station 128, 
flowing to the motor load. At the instant the ground is thrown 
on this is seen to shift in phase by about 180 degrees, due to the 
fact that the motor pumps power back into the line. The 
current then slowly decreases in magnitude and changes in 
phase as the motor slows down. The lower wave, (showing the 
current at the load end of the East line) also reverses, but this is 
because the current in that wire now flows toward the grounded 
point instead of toward the load. The two lower waves on Fig. 
9 d show the currents flowing in the neutrals at the generator 
and load. There is, of course, no current until the wires are 
grounded. 

Fig, 9e is a very interesting one. This shows the currents 
flowing to a bank of unloaded transformers, connected star- 
delta. Before the wires are grounded the three currents are very 
small and differ in phase by 120 degrees. With the grounds on 
the system these currents all increase to about the same magni¬ 
tude and are all in phase with each other. The probable explana¬ 
tion of this is given later under the discussion of Fig. 16. 

Figs. 10a, 10b, 10c and IOd show the current and voltage 
waves for a few cycles before and after a three-phase short 
circuit is thrown on the system. Fig. 10a shows the currents 
in the load end of the East line. When the short circuit occurs 
the direction of power flow is reversed: becoming toward the 
short circuit. Hence, the direction of current flow reverses and 
the currents are seen to change in phase by approximately 
180 degrees. Fig. 10b shows the currents taken by the motor 
load. These reverse because of the pumping-back action of the 
motor, and then decrease toward zero as the motor slows down* 
Fig. lOc shows the voltage waves at three different points oil 
the system. The magnitudes of the waves are roughly propor- 
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tional to the distances from the short circuit. The center and 
bottom waves of Fig. IOd show the current at the generator end 
of the East and West lines, respectively. 

Description of Figures 

Figs. 11, 12, 13, 15, 16 and 17 were drawn from measurements 
made on these oscillograms and on others not shown here. These 
figures show the magnitudes and phase relations of the currents 
and voltages at both ends of the line and at several intermediate 
points. 

In explanation of the figures, it may be said that the vectors 
are assumed to be rotating counter clockwise, or that the phaSe 
rotation is A-B-C. The lines from G to the vertices of the 
triangles represent, in magnitude and phase, the peak voltages 
between each wire and ground; the sides of the triangles con¬ 
sequently represent the line voltages. The peak currents in the 
A , B and C wires are represented by the vectors marked Ja , 
Jb , and 7c respectively. At Station 113 (East Line) two diagrams 
are shown; one for the conditions on each side of the short circuit 
or ground. The diagrams marked ''Generator’' were obtained 
by adding vectorially the currents for the two lines, as no oscillo¬ 
grams were taken at this point. In Figs. 15, 16 and 17 dotted 
lines are drawn from the vertices of the triangles to a point 
marked 0. These lines are the medians of the triangles, and 
represent the voltages which would b’e impressed on three equal 
impedances connected in star between the wires, with the neutral 
free: such, for instance, as the potential coils of three star- 
connected wattmeters or relays. 

•For Figs. 11, 12 and 13 (normal condition, three-wire and two- 
wire short circuits) these medians coincide with the vectors repre¬ 
senting the voltages to ground, since the latter are voltages 
impressed on three equal impedances connected in star. 

In all of the tests the voltages to ground were obtained from 
the oscillograms, and the voltages represented by the medians 
were used in computing the wattmeter readings, now to be 
discussed. 

The four straight lines shown at each station between the 
diagrams for the East and West lines represent (to scale) 
the readings which would • be given by three star-con¬ 
nected wattmeters at that point, and the sum of the three 
readings. These were obtained by multiplying each star (me¬ 
dian) voltage by the "in phase” component of its corresponding' 
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current. These computations are shown in Tables IV-IX, 
inclusive. Numerous small discrepancies appear in these data; 
such, for instance, as the generator wattage not being equal to 


Calculation of Wattmeter Readings for Each Station 
The column headed “Total Watts” shows the magnitude and direction of the flow of 
power at each station. (Power which flows from the generator to the load is assumed to 
be positive. Power flowing toward the generator is assumed to be negative.) 

The column headed “Watts per Phase” shows the readings which would be given by 
three star-connected wattmeters having the neutral of the potential coils free. 

TABLE IV. 


Test No. 1. Normal condition. 


Station 

Line 

or 

switch 

Wire 

Peak 

Voltage 

Peak current j 

Watts 

per 

phase. 

Total 

watts. 

Actual 

“In-phase” 

Component 

Generator 


A 

931 

2 05 

2.00 

931 




B 

894 

2.10 

2.07 

925 

2840 



C 

875 

2.30 

2.24 

980 


0 

West 

A 

931 

1.00 

0.97 

450 




B 

894 

1.05 

1.03 

460 

1380 



C 

8'75 

1.10 

1.07 

469 


0 

East 

A 

931 

1.05 

1.03 

480 




B 

894 

1.15 

1.15 

515 

1500 



C 

875 

1.25 

1.15 

503 


113 

West 

A 


1.05 






B 


1.10 






C 


1.20 




113 

East 

A 

780 

1.10 

0.97 

378 




B 

780 

1.30 

0.93 

362 

1080 1 



C 

740 

1 20 

0.97 

359 


128 

West 

A 

798 

1.05 

1 03 

411 




B 

780 

1 10 

1.03 

401 

1170 



. C 

740 

1.20 

0.97 

359 


1 

128 

East 

A 

798 

1.10 

0.95 

379 




B 

780 

1.30 

0.95 

370 

1130 



C 

740 

1.25 

1.03 

381 


128 

Loaded , 

A 

798 

1.85 

1.79 

715 



transformers 

B 

780 

2 05 

1.90 

741 

2120 



C 

740 

2.00 

1.79 

661 


128 






56 



Unloaded 

A 

798 

0.30 

0.14 



transformers 

B 

780 

0.25 

0.14 

55 

163 



C 

740 

1 0 30 

0 14 

52 



the sum of the wattages of the two lines. These discrepancies 
are easily explained, however, when it is recalled that the 
calibration of an oscillograph is, at best, somewhat doubtful; 
that the maximum deflection on the oscillograms rarely exceeded 
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one half of an inch; and that after the currents had been scaled 
and plotted, their ‘hn phase’’ components (often very small) 
had to be scaled again from the drawing. Hence a high degree 
of accuracy should not be expected. 


TABLE V. 


TEST NO. 2. THREE-WIRE SHORT CIRCUIT. 


Station 

Line 

or switch 

Wire 

Peak 

Voltage 

Peak current 


Total 

watts 

Actual 

“In-phase’ 

Componen 

Watts 

per 

’ phase 

Generator 


A 

780 

9.55 

5.66 

2210 




B 

770 

10.95 

6.14 

2360 

6450 



C 

703 

10.15 

5.35 

1880 


0 

West 

A 

780 

4.15 

2.55 

995 




B 

770 

4.50 

2.86 

1100 

2920 



C 

703 

4.20 

2.34 

825 


0 

East 

A 

780 

5.50 

3.04 

1180 




B 

770 

6.40 

3.31 

1270 

3530 



C 

703 

5.80 

3.07 

1080 


113 

West 

A 

171 

4.20 

2.83 

242 




B 

171 

4.40 

3.14 

268 

730 



C 

171 

4.25 

2.59 

221 


113 

East 

A 








B 








C 






128 ■ 

West 

A 

95 

4.15 

3.07 

146 




B 

95 

4.40 

3.51 

167 

450 



C 

95 

4.25 

2.97 

141 


128 

East 

A 

95 

3.95 

-2.69 

-128 




B 

95 

4.50 

-3.04 

-144 

-410 



C 

95 

4.00 

-2 86 

-136 


128 

Loaded 

A 

95 

0.30 

0.28 

13 



Transformers 

B 

95 

0.30 

0.28 

13 

40 



C 

95 

0.30 

0.28 

13 

1 


Discussion of Figures 

Fig. 11. Normal Condition. This figure shows the relations 
existing in the line under normal operating conditions. The 
phases are slightly unbalanced here because of an unbalanced 
load which was connected to the laboratory mains. An interest¬ 
ing point to be noted in these diagrams is the increase in the 
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TABLE VI 

TEST NO. 3. TWO-WIRE SHORT CIRCUIT 


Station 

Line or 
switch 

Wire 

Peak 

voltage 

Peak current 

Watts 

per 

phase 

Total 

watts 

Actual 

“In-phase” 

Component 

Generator 


A 

872 

3.40 

3.04 . 

1326 




B 

698 

10.20 

8.84 

3080 

4860 



C 

829 

8.85 

1.10 

456 


0 

West 

A 

872 

1.64 

1.48 

646 




B 

698 

4.11 

3.78 

1320 

2310 



C 

829 

3.61 

0.82 

340 


0 

East 

A 

872 

1.64 

1.38 

600 




B 

698 

6.11 

5.16 

1800 

2520 



C 

829 

5.30 

0 28 

116 


91 

West 

A 

741 

1.60 

1.56 

578 




B 

457 

4.15 

4.14 

946 

1490 



C 

490 

3.60 

-0.14 

-34 


91 

East 

A 

730 

1.65 

1.61 

589 




B 

435 

5.90 

5.61 

1221 

1540 



C 

435 

5.25 

-1.24 

-270 


113 

West 

A 

665 

1.60 

1.56 

519 




B 

360 . 

4.05 

4.05 

730 

1140 



C 

392 

3.55 

-0.55 

-108 


113 

East 

A 

720 

1.80 

1.47 

529 



No. 4 

B 

381 

5.95 

4.87 

929 

840 



C 

381 

5.75 

-3.22 

-614 


113 

East 

A 

720 

,1.80 

1.47 

529 



No. 5 

B 

381 

’4.85 

-3.31 

-630 

760 



C 

381 

5.15 

4.50 

858 


128 

West 

A 

675 

1.60 

1.60 

544 




B 

349 

3.95 

3.59 

626 

1030 



C 

349 

3.70 

-0.83 

-145 


328 

East 

A 

675 

1.95 

1.65 

557 




B 

349 

5.10 

-3.95 

-689 

530 



C 

349 

4.95 

3.78 

660 


128 

Loaded 

A 

675 

3.80 

3.31 

1118 



Transformers 

B 

349 

1.65 

0.74 

129 

1660 



C 

349 

2.35 

2.35 

410 
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current lag in going from the generator to the load. This is, of 
course, due to the fact that the lagging current of the load is 
partly neutralized at the generator by the leading charging 
current. 


TABLE VII 

TEST NO. 4. ONE WIRE GROUNDED. NEUTRAL UNGROUNDED 


The voltages are the dotted lines shown on Pig. 15. 


Station 

Line or 
switch 

Wire 

Peak 

voltage. 

I Peak current 

Watts 

per 

’ phase 

Total 

watts 

Actual 

“In-phase’ 

component 

Generator 


A 

975 

1.75 

1.72 

839 




B 

895 

2.80 

2.72 

1218 

3210 



C 

904 

2.55 

2.55 

1150 


0 

West 

A 

975 

0.90 

0.90 

448 




B 

895 

1.30 

1.17 

524 

1500 



C 

904 

1.30 

1.17 

529 


0 

East 

A 

975 

0.85 

0.83 

405 




B 

895 

1.55 

1.48 

661 

1660 



C 

904 

1.40 

1.31 

592 


113 

West 

A 


1.05 






B 


1.35 






C 


1.10 




113 

East 

A 

865 

1.15 

1.03 

446 



No. 4 

B 

789 

. 1.55 

1.45 

571 

1490 



C 

780 

1 1.40 

1.23, 

472 


113 

East 

A 

865 

1.00 

1.00 

432 



No. 5 

B 

789 

1.45 

0.93 

366 

1200 



C 

780 

1.05 

1.03 

402 


128 

West 

A 

865 

1.00 

1.00 

432 




B 

808 

1.20 

1.14 

460 

1280 



C 

751 

1.15 

1.03 

387 


128 

East 

A 

865 

1.00 

0.96 

415 




B 

808 

1.55 

0.90 

363 

1170 



C 

751 

1.10 

1.03 

387 


128 

Loaded 

A 

865 

2.10 

2.07 

895 


t 

;ransformers 

B 

808 

2.10 

2.05 

829 

2500 



C 

751 

2,25 

2.07 

777 



The data for these diagrams were obtained from measurements 
made on the osciUograms for Tests 4 and 6, using the two or 
three cycles shown previous to the occurrence of the ground. 

Fig. 12. Three-Wire Short Circuit. This figure is not of 
much importance, for a three-wire short circuit very seldom 
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TABLE VIII 

TEST NO. 5. ONE WIRE GROUNDED. NEUTRAL GROUNDED. 


The voltages are the dotted lines shown on Fig. 16. 


Station 

Line or 
switch 

Wire 

Peak 

voltage 

Peak current 

Watts 

per 

phase 

Total ^ 
watts 

Actual 

Tn-phase” 

component 

Generator 


A 

813 

4.25 

4.25 

1730 




B 

721 

8.80 

6.18 

2230 

4790 



C 

870 

3.80 

1.90 

826 


0 

West 

A 

813 

2.00 

1.93 

785 




B 

721 

3.40 

2.69 

970 

2210 



C 

870 

1.75 

1.04 

452 


• 0 

East 

A 

813 

2.35 

2.21 

940 




B 

721 

5.45 

3.38 

1220 

2510 



C 

870 

2.05 

0.80 

348 


91 

West 

A 

650 

1.95 

1.52 

495 




B 

314 

3.45 

2.97 

466 

1330 



C 

694 

1.70 

1.07 

371 


91 

East 

A 

655 

2.25 

2.18 

715 




B 

290 

5.40 

4.25 

616 

1660 



C 

675 

2.00 

0.97 

327 


113 

West 

A 

608 

1.95 

1.59 

483 




B 

285 

3.40 

2.76 

393 

1170 



C 

650 

1.70 

0.90 

292 


113 

East 

A 

550 

2.20 

2.07 

570 



No. 4 

B 

123 

5.40 

3.80 

234 

980 



C 

580 

2.45 

0.59 

171 


113 

East 

A 

550 

2 25 

2.21 

609 



No. 5 

B 

123 

7.60 

-5.00 

-308 

430 



C 

580 

2.25 

0.45 

130 


128 

West 

A 

575 

1.85 

1.38 

396 




B 

204 

3.40 

3.00 

306 

1010 



C 

608 

1.85 

1.00 

304 


128 

East 

" A 

575 

2.30 

2.21 

635 




B 

204 

7.75 

-5.49 

-560 

310 



C 

608 

2.50 

0.76 

231 


128 

Loaded 

A 

575 

2.85 

2.76 

793 



transformers 

B 

204 

1.70 

-0.66 

-67 

1520 



c. 

608 

2.85 

2.62 

795 


128 

Unloaded 

A 

575 

2.60 

1.35 

388 



transformers 

B 

204 

2.60 

-2.28 

-232 

20 

1 


C 

608 

3.00 

-0.45 

-137 
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occurs in practise. When it does occur, relays generally work 
properly, since .the currents and the voltages are balanced. 
The voltages are seen to decrease from the generator to the short 


TABLE IX 

TEST NO. 6. TWO WIRES GROUNDED. NEUTRAL GROUNDED 
The voltages are the dotted lines shown on Fig. 17. 


Station 

Line or 
switch 

Wire 

Peak 

voltage 

Peak current 


Total 

watts 

Actual 

“In-phase 

componeni 

Watts 

per 

“ phase 

t 

Generator 


A 

860 

5.35 

3.80 

1633 




B 

707 

10.00 

6.50 

2290 

5630 



C 

803 

10.60 

4.25 

1708 


1 0 

West 

A 

860 

2.55 

1.86 

800 




B 

707 

4.05 

2.76 

975 

2520 



C 

803 

4.20 

1.86 

748 

0 

East 

A 

860 

2.75 

1.86 

800 




B 

707 

6.00 

3.80 

1341 

3190 



C 

803 

6.40 

2.62 

1051 

113 

East 

A 

352 

3.05 

2.28 

401 



No. 4 

B 

176 

6.10 

5.60 

1 492 

740 



C 

176 

6.30 

-1.69 

-149 

113 

East 

A 

352 

2.65 

2.07 

364 



No. 5 

B 

176 

5.80 

-5.80 

-510 

-190 



C 

176 

6.70 

-0.55 

-48 

128 

West 

A 

370 

2.80 

2.28 

421 




B 

176 

4.00 

4.00 

352 

800 



C 

199 

4.20 

0 28 

28 

128 

East 

A 

370 

2.70 

1.93 

357 




B 

C 

176 

199 

5 85 

6.70 

-4.90 

-2.17 

-431 

-216 

-290 

128 

Loaded 

transformers 

A 

B 

C 

370 

176 

199 

2 75 

0.40 

1.10 

2 21 
0.10 
0.28 

409 

9 

28 

450 

128 

1 

Unloaded 

transformers 

A 

B 

370 

176 

2.80 

2.80 

1.79 

-0.83 

331 
— 73 

n 


-- 

C 

199 

2.80 

-2.59 

”258 

u 


notlhe "r" is 

it s onlvTHMr “T* I„ this case 

t IS only a little more than twice that supplied under normal 

Pp^mion, in spite of the fact that the generatof roltagTis 
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maintained almost at normal value. The current, however, is 
over four times as large as the normal current. 

Fig. 13. Two-Wire Short Circuit. These oscillograms were 
taken before the short-circuiting switch was arranged to catch 
the actual short circuit on the oscillogram. Hence the measure- 


Scales:- 




ments were made on about the tenth or twelfth cycle after the 
short circuit occurred. The currents and voltages are, naturally, 
very much unbalanced. All three currents are larger than nor¬ 
mal, the current in the good or A wire increasing because of the 
fact that the motor load take§ inpr§ current wbcu the voltage 
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triangle is unbalanced. The power delivered to the load is 
about 75 per cent of the normal amount. The power given out 
by the. generator is about 70 per cent greater than normal, 
and about 25 per cent less than that for the three-wire short 
Circuit. 

The most interesting thing in this figure is the wattmeter 
readings. The A wattmeter is seen to indicate toward the load 
in every case. The B wattmeter indicates toward the short 
circuit at all points. The C wattmeter indicates away from the 
s ort circuit, except at stations some distance away. The B 
wattmeter is, thus, the only one which can be depended upon to 
Show the direction of the short circuit. The arrow showing the 
total power, it will be noticed, points toward the load at every 
station. This means that relays connected according to the 
twQ-wattmeter principle can not work 
properly except on a system where the 
load is small compared with the power ex¬ 
penditure during short circuit. 

The explanation of the backward reading 
of the C meter may be given briefly with i 
the aid of Fig. 14. The triangle represents 
the delta voltages at some point near the 
short circuit, and /g and 7c represent the 
currents in wires B and C. The phase 
rotation is assumed to be A-B-C^ and the short circuit is be 
tween wires B and C, 



With a non-inductive line and with no load current flowing, 
the short-circuit current would be in phase with B-C, or would 
take the position 7 b '-7c Since, however, the inductive reac¬ 
tance of a line generally exceeds the resistance, the current vector 
will lag by a considerable angle, and will take some such position 
as 7 b- 7c. This makes the voltage Ecoand the current 7c more 
t an 90 degrees out of phase, and causes the C wattmeter to 
read backwards. It may readily be seen that if the phase 
rotation is reversed the B meter will be the one which reads 
backwards. 

Fig. 15. One Wire Grounded. Neutral of Transformers Un¬ 
grounded. For this test the B wire at Station 113 on the East 
me was connected to ground through the grounding device 
s own in Fig. 4. (Ground, as stated at the beginning of this 
chapter under Description of Tests means the midpoints of the 
condensers, all of which were connected together. Neutral 
refers to the midpoints of the star-connected transformers.) 
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In these diagrams the voltage triangle is only slightly distorted, 
but is greatly displaced with respect to ground potential. This 
point (ground potential) comes completely outside of the triangle. 
The ratio of delivered power to generator power is greater than 



A 



under normal conditions, probably because the higher potential 
above ground produces a greater charging current. This results 
in a higher power factor in the line, and hence a lower line loSS. 
The wattmeter readings in this case are nearly the same as under 
normal conditions. Therefore, wattmeter relays can not be 
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used to show the direction of such a ground. A dead ground of 
this kind, however, is not serious, except on very high-voltage 
systems. 

Fig, 16. One Wire Grounded, Neutral of Transformers 
Grounded. The neutrals of all three banks of transformers were 




connected to ground, and a ground thrown on the system at the 
usual place (the East line at station 113). The voltage triangle, 
o? course, becomes very much unbalanced. The wattmeter 
readings are again seen to behave in a rather unexpected manner, 
the B wattmeter being the only one which correctly shows, at 
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all stations, the direction of the ground. The vectors marked 
Ic show the currents flowing into the system through the 
grounded neutrals. The difference in the magnitudes of this 
current for the loaded and unloaded transformers is due to the 
large line impedance between the loaded transformers and the 
Salt Lake busbars. 

The currents in the three wires to the ‘'Unloaded Transfor¬ 
mers’' are nearly equal and in phase. This results from the 
star-delta connection, and may be explained as follows: The 
voltages from wires A and C to ground are somewhere near 
normal, and this tends to keep up the voltage of the B trans¬ 
former on the low-tension (delta) side. This induces a voltage 
in the high side of this transformer and sends a current out over 
the grounded wire. As the only current which can flow in the 
low-tension side must circulate around the delta, the three line 
currents must be approximately equal and in phase. For this 
reason the currents in all three wires will be abnormal when one 
wire is grounded; and the nearer the ground is to a bank of load 
transformers, the greater will be the current in that bank. 
Hence, a bank of small star-delta load transformers is liable to 
serious injury if its neutral is grounded. 

The single vector at Farmington (station 113) between the 
two diagrams represents the current flowing into the system 
at the point where the wire is grounded. It is equal to the sum 
of the currents (flowing in opposite directions) in the B wire 
at that point. 

Fig. 17. Two Wires Grounded. Neutral of Transformers 
Grounded. This case resembles the preceding one, except that 
it is more severe. The B and C wires were grounded at station 
113. The voltages and power at the load are much less than in 
Fig. 16, and some of the meters have reversed. The B meter is 
again the only one which can be depended upon to read correctly. 
As practically all of the discussion given for the preceding case 
applies to this case, it will not be repeated here. 

Discussion of Arcing Ground Tests 
The following test has no connection with the preceding, but 
is presented as a matter of interest. This test was made with 
the regular connections shown in Fig. 7 for Tests 1, 4, 5, and 6. 
Wire B of the East line was grounded at station 113 using the 
grounding device shown in Fig. 4. Fig. 18a shows only 
the steady condition (if it can be called such) of the arcing 
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ground. The top wave shows the ground current at station 113, 
the center one the current in the B wire at station 128 (East 
Line) and the bottom one the voltage from the JB wire to ground 
at station 113. The arc is seen to break at the end of each half 
cycle of the voltage wave, and the current remains at zero until 
the voltage has risen considerably. It then increases rapidly 
to almost its final value. The current in "the center wire is, of 
course, a combination of the arc current and the load current. 
Hence it has a value while the arc is broken. 

Fig. 18b shows the waves while an arcing ground is being 
displaced by a dead ground. The most surprising feature here 
is that the arcing ground takes more current than the dead 
ground. This is because of the fact that, during each alterna¬ 
tion, the electrostatic capacity of the system must be charged 
to a certain value. As quantity is equal to the product of current 
and time, it follows that if the beginning of the charge is delayed, 
the current must increase to a higher value in order to get the 
required charge into the system in the given time. Planimeter 
measurements on Pig. 18b show that the area under the irregular 
curve due to the arcing ground, is approximately equal to the 
area under the curve due to the dead ground. Hence, the 
quantities, which are proportional to the areas, are about equal 
in the two cases, and the average values of the currents are equal. 
The peaks and effective values, however, are not. 

These observations were made using carbon electrodes. The 
effect of metallic electrodes is to make this phenomenon more 
pronounced. It should be remembered, however, that an arc on 
a 1000-volt system may have entirely different characteristics 
from one on a 44,000-volt system. 

APPENDIX A 

Derivation of Formula Used in Calculating the Capacities 

Given wire 1 of radius r. length 2 L, -1 units above the 

^ound, and having a quantity of electricity q per unit length. 
To find its potential above ground. 

As the potential of one point with respect to another is defined 
as the work which must be done in carrying a unit positive charge 
rom the second point to the first, it is necessary first to find the 
force acting, perpendicular to the wire, on a unit charge at any 
distance from the wire. 



GRAY: ARTIFICIAL TRANSMISSION LINE 


823 


This force, at any point P is equal to: 


1 

j 


qd I 


X 


P + V P + 


= 2 qx~ 


Vp + 


2qL 


xVu + x^ 


If X is small in comparison with L, this may be written: 
Force = —^ 

Using the method of images in Fig. 19 let 4 be the image of 1 
with respect to ground. The potential ,Fi, 4 , between 1 and 4 is 
then equal to twice the potential, Fi, between 1 and ground. 
From the definition given above, Fi ,4 is seen to be equal to the 


H- h -- 


i- 


N_I 1 

dl ^ \ 

\ 

\ 

\ 

\ 

X 

< 

P 

r 

i Ground 

bzi 4 

1 


Fig 19 


integral of the force acting on a unit positive charge over the 
distance between the two wires, or: 



d—r 


2 q j-dx) r 2 {-q)i-dx) 

X J d - X 

d—r 


the first term being for wire 1 and the second for wire 4. 
Integrating: 

Vi,i = 2q f—loge^c+loge (d-x) 

L ( 

d — T , ^ d —r 

= 2 2 log -y + 2 2 log -y- 



A 1 ^ 

= 42 logt — 

gince r is negligible iii comparison with d. 
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Hence, the potential from 1 to ground (which is one-half of that 
between 1 and 4), is: 

Vi = 2glog£ ■— 


It may readily be seen that the effect of having other charged 
conductors in the field, is to add a similar term for each conduc¬ 
tor, in which g is the charge per unit length on that conductor. 
The loprithmic part of each term is the ratio of the initial to the 
final distance of the unit charge from each conductor, as the 
unit charp is carried from the image of the conductor whose 
potential is being found, to the conductor itself. Thus in a three- 
phase system, the potential of wire 1 above ground is 


Ft =2g, log/-^ +2g, log. ^ + 2 g, log. ^ 

^ ^1)2 ©1,3 


2,^2 


1-gi 3.23 

_ Ground 

4. 6. 


^ 1 , 2 , di ,3 etc., represent the distances 
between wires 1 and 2,1 and 3, etc. 


5. 


APPENDIX B. 

Calculation of Capacities for West Line, Grace to Logan 
Derivation of General Formula for Calculating 
Capacities 


The wires are No. 2 copper, 0.2576 in. in diameter, at the 
comers of an equilateral triangle 9 ft. on a side. The average 
neignt of the lower wires above ground is 25 feet. 

Using the method of images, let g^, g,, g, be the charges per 
unit length on the conductors. Let the voltages from wires to 


2 


■ 22 

1 3 

^'21 ‘23 

25' 


_ Ground 

4 6 


Vi = A sin at 
V3=A sin (cot - 120°) 
Vs = A sin (cot - 240°) 


5 
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From the proof given in Appendix A, 

Fi = 2 loge + 2 ga log« + 2 gs log« = A sin cot 

^1,2 ai,3 

Referring to the sketch above, 

^^ 1,4 = 50 ft. or 600 in. di.a = 9 ft. 

ri = 0.1288 in. dg ,4 = 50.8 ft. da ,5 = 65.6 ft. 

da ,4 ~ 58.0 ft. di,3 = 9 ft. 

Substituting in the formula above; 

A sin. - 2 «, log. + 2 5 , log, + 2 S. log. 


In the same way: 


A sin (cot - 120°) = 2 gi log* + 2 ga log* 


I o 1 ^8-0 

+ 2 23 log* 

and 

A sin (CO/ ~ 240°) = 2 log^ + 2 g 2 loge 

.01 600 

+ 2 gs log* Q ^288 

From these equations: 

A sin CO/ = 2 X 2.303 (3.668 gi + 0.809 ga + 0.752 gg) 

A sin (cot - 120°) = 2 X 2.303 (0.809 gi + 3.786 ga + 0.809 gg) 
A sin (cot - 240°) = 2 X 2.303 (0.752 gi + 0.809 ga + 3.668 gg) 


Now let B 


A 

2 X 2.303 X 0.809 


B sin co/ = 4.534 gi ga “F 0.929 gg 
B sin (cot — 120°) = gi + 4.680 ga + gg 
B sin (cot - 240°) = 0.929 gi + ga + 4.534 gg 
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Solving these equations gives 

„ 1.006 sin CO/ + 0.0095 cos oot 

= 5- 

S 2 = 0.2742 B sin — 120°) 

To find the maximum value of gi, differentiate with respect to cof. 
= 1.006 cos cof - 0.0095 sin wf = 0 


tan CO/ = 


1.006 

0.0095 


105.6 or CO/ = 89.45° when is a maximum. 


Hence, 

Maximum 3 , = 5 1-.Q. Q6 ^in 89.45° + 0.0095 cos 89.45° 
“ 3.605 

= 0.2790 B. 

and 2 i = 0.2790 B sin (wi + 0.55°) 


Substituting for B its value, . a oaa > changing to 

4.606 X 0.809 

coulombs per mile gives 


= 0.2790 


A X 161,000 


:p^sin {cot + 0.55°) 


4.606 X 0.809 X 9 X 10" 

= 1.339 X 10~* A sin (co/ + 0.55°) coulombs per mile. 


Hence ga — 1.316 X 10 *.4 sin {oot— 120 °) coulombs per mile, 
gs = 1.339 X 10-M sin {cot - 240.55°) ” ’’ 

The next step is to get the quantities on each wire with the 
center wire grounded. Assuming that- the- potentials remain 
balanced, the voltages from wires to ground will be 

From wire 1 . ■'/Z A sin {oot + 30°) 

” ”2 . 0 

” 3. VFa sin (coi- 270°) 
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Carrying, as before, the unit charge from wire 4 to wire 1: 

VJA sin (coi + 30°) = 2 X 2.303 log,o 

II 58 , , 50,8\ 

+ 22 logio —g—h 23 logio j 

« owoo^o/ , 58.0, , 65.6X12, , 58.0 \ 

0 = 2 X 2.303 I 2i logio -yg + 22 logio Q-^^gg - + 23 logio j 

VYA sin (oA - 270°) = 2 X 2.303 (21 logio ^ + 2^ logic 

11 500 ^ 

+ 23 logio g3^j 


Let B = 


V 3 A 

2 X 2.303 X 0.809 


Then, 

B sin ( 00 / 30° = 4.534 “h 22 “h 0.929 gs 

0 = H” 4.680 ^2 + 23 
B sin (cot — 270°) = 0.929 2i + 22 + 4.534 qz 

Solving: 

qi = 0.2209 B sin (cot + 21.12°) 

22 = 23 57 ~ 120°) 

g 3 = 0.2209 B sin (cot - 261.12°) 


Substituting the value of B and changing to coulombs per mile, 
the equations become 


2i 


0.2209 


.4 V'3 X 161,000 
4.606 X 0.809 X 9 X 10“ 


sin (cot + 21.12°) 


= 1.061 X 10-8 VT^ sin (wt + 21.12°) 

22 = 0.353 VTX 10-841 sin (cot - 120°) 

22 = 1.061 X 10-8 VYA sin (at - 261.12°) 
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Having obtained the quantities on each wire under these two 
conditions, the next step is to determine the values to be assigned 
to each of the six condensers. Denote these values by x, y, z, and 
w as shown in Fig. 3 H. Let gi be the charge on wire A, ga the 
charge on wire B and g, the charge on wire C. The potentials to 
ground will then be 

Vi = A sin coi 

Vi = A sin ((x3t— 120°) 

Vs = A sin (cot — 240°) 

and the potentials between wires will be 

Fi ,2 = VTA sin ( 0 )t + 30*^) 

^2,2 = V 3^'sin (o)t— 90°) 

Vz,i = V3^ sin (o)t— 210°) 

The quantity in any condenser is equal to the capacity of that 
condenser multiplied by its voltage. The quantity on any wire 
is equal to the vectorial sum of the quantities on the three con¬ 
densers connected to that wire. Hence; 

Fi,2 y + ViZ + Fi,3 w = qi 

Substituting, 

y VSyl sin (co/ + 30°) z A sin co/ + w V 3.4 sin (co^— 30°) 

= 1.339 X 10-M sin (o)t + 0.55°) 

As this equation is true for all values of cot, it must hold when 
cot = 0. 

Then y —^-0.01284 X 10“^ 

or y- w = 0.01485 X 10“8 ('A) 

When oot = 30° 

-- - 1.5w = - 1.339 X 10-8 X 0.4917 

or z + 3w = 1.317 X lO"* (B) 

In the same way, 

F2,iy + F2 X + F2,3y — 52 
y V 3 ^ sin (oot *- 150°) + x ^ sin (cot — 120°) 

+ y V~3 4 sin (cot - 90°) = 1.316 X lO"* A sin (cot- 120°) 



GRAY: ARTIFICIAL TRANSMISSION LINE 


829 


When oit = 210°, 

1.5 y + X + 1.5 3> = 1.316 X IQ-s = 3 y + x (C) 

With the centre wire grounded, 

1^1,2 y + 1^1,2 2 + Fi,3 W = qi 

(y + z) V~3A sin (ut + 30°) + w VsA sin (cot- 30°) 

= 1.061 VJa 10-8 sin (wt + 21.12°) 

When CO/ = - 30°, 

X 10-8 

farads per 

farads per 

farads per 

to be con¬ 
nected as shown in Fig. 3a. 

Because of the large number of calculations to be made, the pre¬ 
ceding work was shortened by means of the following formulas. 

Derivation of General Formula for Calculating the 

Capacit es 

After substituting 5, in the equations for A (page 825), they 
have the following form: (for the ungrounded case) 

a qi + q 2 + d q 3 = B sin cot 
qi + c q 2 + q 2 = B sin (cot — 120°) 
d q\ "h q 2 ^ Q.Z ^ B sin (cot 240 ) 

Solving these equations gives 

2 (a- i) [ (a + d) c - 2] 

[(2 a c-\~d c+a — d — 3) sin cot (a — d — d c+1) V3 cos cot] 


_ w = 1.061 X 10-8 sin ( - 8.88°) = - 0.164 

or = 0.189 X 10“® farads per mile. 

Substitute in (A) y = 0.189 + 0.015 = 0.204 X 10“® 
mile. 

Substitute in (B) z = 1.317— 0.567 = 0.750 X 10“^ 
mile. 

Substitute in (C) = 1.316- 0.612 = 0.704 X lO-^ 

mile. 

These are the values for the individual condensers, 
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With the center wire grounded, 

cig.i+ + dgz = B sin + 30°) 

+ ^; $2 + gs ~ 0 

dqi + q 2 + aqz = B sin (col — 270°) 
from which, 


B Vs — 

= 2 W-d) [{a + d)c-2] [^3 (o c- 1) sin w/ 

+ (a c — 2 c d 1) cos oot] 

By differentiating (B) and (C) with respect to co/, to get 
maximum equations of the following form are obtained: 

q 2 = MAX 10-8 sin (cot - 120 °) (Prom (A) ) 

qi^ N AX 10-8 sin (cot + a^) (From (B) ) 

qi^ FA X 10-8 sin (ot+ (3^) xVT (From (C) ) 

From these, by the method previously given, is obtained: 
y - w = — iVsina Sy + x = M 


2 + 3 = 2 iV sin (30° - a) w = ~Psin (30° - /?) 

which are easily solved for x, y, and w, giving the values to 
be assigned to the different condensers. 
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INDUSTRIAL RESEARCH AND THE COLLEGES 


BY A. E. KENNELLY 


Abstract of Paper 

An outline of the proper relationship that should exist in the 
industrial research field between the pure science college, the 
technical college and the industries, themselves. 


I N ANY general discussion of the influence of research on the 
development of electrical industries, the share of the col¬ 
leges in this influence deserves to be formulated and defined. 
The more clearly we can realize the ways in which the colleges 
can assist in this work, and the more closely we can agree upon 
the methods by which this assistance can be rendered, the more 
likely we are to be able to bring about the result desired. In 
what follows, certain propositions are ventured, in the hope of 
eliciting discussion, and of thereby reaching a consensus of 
opinion. 

To begin with, it will probably be admitted that industrial 
research is scientific investigation directed economically towards 
improvements in production. 

It has been known for centuries that discovery and invention 
have made the fountainhead of new industries. For example, 
it is said that the starting point of the wealth of Holland—and 
in the seventeenth century, the Dutch republic was the first 
ex|)orting country in the world—was due to the discovery by 
the Dutch fishermen, on their remote islands, of a process of 
preserving fish for storage and transportation. Moreover, 
throughout all industrial history, men have devoted their time 
and labor to inventing or designing improved processes in manu¬ 
facture. Industrial research, in a broad sense of the term, has 
therefore been at work ever since industry existed. The dif¬ 
ference between industrial research in the modern sense, and in 
the mediaeval sense, lies in an emphasis upon applied science, 
and upon the application of scientific methods. Under the 
mediaeval regime, industry was understood to be handicraft. 
Individual skill in handicraft was aimed at, through the manual 
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training of apprentices by master workmen. Improvement.s in 
production had to come slowly, through the gradual develop¬ 
ment of skill in successive generations of workmen and appren¬ 
tices. 


The advent of the steam engine and of steam-driven factory 
machines, overthrew, as we all know, the processes of production. 
These became mechanically stereotyped. The province of 
individual manual skill changed to the design, direction and 
management of machinery. The charm of individuality in 
specially skillful workmanship had to be relinquished, in favor 
of the enormously increased and standardized production of 
the humanly guided machine. Under the new conditions, 
mechanical or chemical improvements could be introduced much 
more easily, partly because of the absence of intellectual inertia 
in the producing machinery, and partly because of the more 
definite predetermination and regularization of machine-made 
over hand-made products. 

The introduction of industrial research in the recent and 
more restricted sense, has come about partly materially through 
the opportunity provided by large-scale mechanical or chemical 
processes, and partly psychologically through the change in' the 
general attitude of mind towards applied science. Formerly, 
there was an attitude of distrust towards scientific training in 
industry. Now it is coming to be realized that in all industry, 
applied science can be made to pay. In fact, it is coming into 
general apprehension, that sooner or later any industry will 
be outdistanced competitively, unless maintained not only by 
eternal vigilance, but also by eternal scientific study. 

The part of the colleges has been and is to train young men to 
learn a business studiously and to carry it on systematically, 
n the colonial days, the colleges educated men almost exclu¬ 
sively for the professions. Today, the men educated in the 
colleges enter general business in as great numbers as they enter 
the professions. 


The non-technical scientific departments of the colleges and 
universities include such fundamental subjects as mathematics 

Tbe duties of these departments of 
so-caUed pure-science i.e. science contemplated apart from ap- 
plications, are two-fold; namely 

(b) Learning, by carrying on researches in those sciences. 
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The teaching and the learning have to be carried on inter- 
dependently and perpetually. 

It is probably undesirable that the pure-science departments 
of the colleges and universities should continuously undertake 
industrial research. There is nothing in their work to prevent 
their teachers or students from undertaking such research. 
Many on their staffs are excellently qualified for conducting 
industrial research; but there is so much other important work 
to be done, which these departments are alone able to do. In 
all times, the progress of the sciences has been largely left to the 
college teachers of -those sciences. Physics and chemistry are 
subdivided into so many branches, that no one man can do 
justice by his efforts to more than a very small number of studies. 
There is a limitless field of undreamed of knowledge everywhere 
along these various lines. The expenses of modern scientific 
laboratories are so great, that few private individuals can expect 
to conduct researches in pure science, and the instructing staffs 
in the college laboratories have special facilities for experimental 
work. The bulk of new scientific material, on which industries 
may ultimately depend, has to be worked out and discovered in 
the pure-science laboratories of the world. Again, mathematics 
is a science covering a range of knowledge, thought and inquiry, 
so vast that no one mind can compass it, and yet its knowledge 
is woefully backward and deficient, even for purely utilitarian 
purposes; so that there are immense fields to be developed, even 
on the unlikely hypothesis that no new general discoveries will 
be forthcoming. Of the indefinitely great number of mathe¬ 
matical functions that may be mentally reviewed, only a few 
dozens have yet been tabulated and arranged for practical use 
The progress of knowledge in mathematics is far less restricted 
to the college faculties, than the progress of subjects like physics 
or chemistry; because the necessary plant is so inexpensive,— 
white paper, black pencil and grey matter—yet even here the 
influence of the college atmosphere for mutual teaching and 
learning is relatively so productive, that a large share of the 
world’s mathematical pioneer work emanates from the colleges. 

While, therefore, under extraordinary circumstances, such as 
those due to the present World-German war, the pure science 
departments may advantageously take up industrial research; 
yet, as a general rule, the best contribution of those departments 
to industry is by restricting their attention to pure science. 

When we come to the engineering and technical colleges, or 
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to corresponding university departments, the opportunities for 
their sharing in industrial research are greater. In the first 
place, they train men directly for work in applied science, and, 
in the second place, their contact with manufacturing industries 
is greater. By comparison with the pure-science departments, 
their field of activity is, on the one hand, intellectually narrower; 
but on the other hand, they come into closer relations with the 
needs and problems of industries. The applied-science college 
laboratory staffs are very frequently occupied on engineering 
and constructive problems of the industrial world. Such ac¬ 
tivities are valuable, both to the colleges and to the industries, 
provided that the amount of industrial research work under¬ 
taken does not swamp the regular teaching. There are various 
ways in which the technical colleges can assist in industrial 
research, and among them the following:— 

(1) Training industrial-research investigators to go out into 
the industries. 

(2) The taking up of particular industrial-research problems 
by particular members of the laboratory staffs, under individual 
private agreement with industrial concerns, the work being 
carried on in the college laboratories. 

(3) The same as in (2): but with the work carried on in the 
workshops of the industrial concerns, instead of in the college 
laboratories. 

(4) By the industries formulating their problems directly ^ to 
the college as a corporation, and entering into an agreement for 
the maintenance of research work, in the college laboratories or 
elsewhere, towards the solution of those problems. 

All of the above methods are in vogue, as well as various 
combinations of them. Each has its particular advantages and 
disadvantages, in view of the conditions of any individual case. 
So long as the total amount of industrial research work carried 
on in a technical college does not exceed a certain amount, de¬ 
pending on the size of its plant, it is not very important as to 
which method is followed. Where, on the contrary, the total 
demand for such industrial work exceeds that limit, it becomes a 
serious problem as to how it should be conducted, not only from 
the standpoint of the college; but also from the standpoints of 
the industries and of the public. 

The only essential difference between scientific researches 
carried on for an industry, and general scientific researches 
carried on without reference to any industry, is that the former 
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are expected to bring in results of economic value, and must 
therefore be safeguarded by secrecy, while the latter, being 
expected to bring in results of scientific and engineering value 
only, naturally demand publication so far as they are successful. 
It is manifest that no industry could afford to undertake re¬ 
search, unless it expected the results to pay a profit on the 
expense, and such profits would be jeopardized if the successful 
results were communicated to competitors. The watchword of 
industrial research is therefore loyalty to the industry, which 
makes the venture in investigative effort, and this entails watch¬ 
ful protection as to the secrecy of the investigation and its results. 

So far as the large industries are concerned, they install their 
own experimental laboratories, and employ their- own experi¬ 
mental investigators. It is natural and proper for them to 
protect the results of their inventive and experimental efforts, 
either by patents or by concealment, as may best suit the 
industrial need. The' colleges can best serve these auto-re¬ 
search concerns, by supplying them with well trained graduates. 
The difficulties lie in the paths of the smaller industrial concerns, 
which desire to make progress by scientific effort and systematic 
study, but which cannot afford the expense of a special private 
research department. These younger industries must have 
1 ‘ecourse either to the services of a consulting specialist of the 
researcher type; or to the services of some specialist college 
laboratories. 

The call of the younger industries on the technical colleges 
for help, is one which the colleges naturally desire to meet, so 
far as they can do so without disrupting their regular work of 
teaching and learning. On the other hand, the task is rendered 
difficult by the need for secrecy, and for the discrimination in 
dealings which that secrecy may involve. The whole atmos¬ 
phere of any healthy college is one of intellectual freedom. • The 
ideas and knowledge of any individual in the college community 
are placed at the academic disposition of all of the rest who may 
be inquisitively inclined. A recognized exclusive monopoly of 
information or knowledge must interfere with the best qualities 
of any institution of learning. Consequently, the maintenance 
of any considerable amount of industrial research in a college 
becomes a burden and a difficulty. For this reason, either 
method (3) or a combination of methods (3) and (4) is perhaps 
the best for a technical college to follow, when a considerable 
amount of technical research is desired to be undertaken for 
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those industrial concerns which are not in a position to maintain 
their own research laboratories. 

In the long run, therefore, it seems most desirable that the 
technical colleges should always carry on general researches in 
their laboratories, of such a nature as may advance applied 
science, stimulate careful observation on the part of students, 
coiitribute to the published fund of available technical infor¬ 
mation, supply new knowledge to the teaching staffs, and train 
students for entering industrial research. To this end, research 
fellowships and research endowments are of the greatest aid 
both to the colleges and to the industries. A limited amount of 
industrial research work may also be advantageously carried on 
in the college laboratories, along with the general research work. 
As, with the growth of new industries, more and more demand for 
such industrial research comes to the colleges, the desirability 
increases of dealing with it in a systematic way, through the 
college as a corporate body, by maintaining, in the workshops of 
the industrial concerns, special assistants under the direction of 
specialists on the teaching staff. In this way, perhaps, the most 
effective service may be given by the technical colleges to the 
junior industries, with the maximum of economy. It may not 
be too much to expect that, as time goes on, the junior industries 
may lean more and more upon the technical help of the colleges, 
without having to enter into any mutual agreement or combina¬ 
tion, in order to avail themselves of such aid. 

Reference has been made above to the continuous duties of 
a college, both as to teaching and learning. A third important 
duty also exists, although its influence on industrial research is 
less direct; namely, the maintenance and propagation of ideals, 
or of those underlying habits of thought and action which are 
sometimes summed up as character”, and at other times are re¬ 
ferred to as the working philosophy of life. Colleges foster and 
transmit such ideals, more or less unconsciously perhaps, to 
those who study within their walls, partly by tradition, partly 
by contact between teachers and pupils, partly by the study of 
history, philosophy and a host of other horizon-enlarging sub¬ 
jects, and partly by the interchange of student opinions. The 
transmission of such subconscious motives may not have direct 
bearing upon the technical attainments of college trained men, 
and many men who have never gone to college are actuated by 
ideals as fine as those which any college can claim, neverthe¬ 
less, the indirect stimulating effect of such ideals on the college- 
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trained researcher is manifest to the careful observer on every 
hand. 

An ideal international system would be one in which the pure- 
science colleges should lay the foundations of future industries by 
enlarging and disseminating the world’s knowledge of the basic 
scientific principles, the technical colleges should do the same 
for applied science, while at the same time taking a share in the 
economic applications of science to industry. The industries 
themselves should undertake their own researches, under the 
guidance of Qualified research specialists. Vocational schools 
would train industrial foremen in the elements of the same 
principles of science, art, technique, economy, thrift and hard 
work, as applied to those particular industries in which each 
nation, is, by its peculiar circumstances, specially adapted to 
excel. 
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INDUSTRIAL RESEARCH 

WITH SOME NOTES CONCERNING ITS SCOPE IN THE 
BELL TELEPHONE SYSTEM 


BY F. B. JEWETT 


x^BSTRACT OF PaPER 

The interrelation of industrial and “pure science" research 
and the restrictions which must be imposed to insure mutual 
existence. A brief outline of the scope and progress of industrial 
research in the Bell Telephone vSystem. 

TT is with a feeling: half of diffidence and half of apology that I 
venture to present a paper on industrial research at this time 
to the members of this great engineering organization. The 
diffidence arises from the fact that for the past few years, and 
particularly since the outbreak of the great world war, the terms, 
the emblems and the forms of industrial research, if not always 
the realities, have been so much a part of the industrial daily 
life of the nation that the working of them together in a paper 
seems trite and somewhat of a reflection on the intelligence of 
the Institute membership. The feeling is akin to that which 
many of us have experienced when, after numerous courses 
in mathematics which have made its general processes seem 
rather second-nature to us, we begin the study of logic and find 
there a detailed explanatory discussion of these processes. The 
query at once arises as to why anyone should care to write about 
matters so obvious, let alone why anyone should waste his time 
in the reading and studying of such writings. Under these con¬ 
ditions it is clear that to be of interest and value any paper on 
industrial research should be most carefully thought out and 
worked over. My apology to the members of the Institute 
results from the conditions under which I have labored for the 
past four or five months. The calls upon my time and energies 
for war work have been so great as to make the careful prepara¬ 
tion just referred to impossible. In other words, the doing of 
industrial research has, for the time being, shouldered out the 
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thinking and writing about industrial research. What follows 
must therefore be read with the understanding that it is the 
hurried jotting down of ideas which have been scattered and 
relegated to the background by the ceaseless day by day pressure 
for the results of industrial research in the grim game of human 
destruction. 


Much has been said and columns have been written on the 
wonderful achievements of industrial research in the past and 
on the stupendous effects which are to follow from industrial 
researches not yet undertaken. In fact, it seems to be the 
exception rather than the rule for a present day conversation 
to run its course without some reference to industrial research 
or^ its results. Under the circumstances it is sometimes sur¬ 
prising to find how little actual knowledge seems to exist as to 
what really constitutes industrial research or of the relations 
which it bears to research which is not industrial. On the other 
hand, we are frequently surprised by the evidences of real 
industrial research in hitherto unsuspected places. That indus¬ 
trial research has taken a firm place in shaping the destinies of 
our economic future, no one who is at all cognizant of the facts 
would for a moment deny. A partial picture of present condi¬ 
tions in the United States is interestingly shown in a recent 
paper entitled "Industrial Research in the United States of 
America” by Mr. A. P. M. Fleming, M. I. E. E. 

As might be expected in a departure so radical and relatively so 
new, the processes of industrial research have not as yet been 
applied to the various arts in anything like a uniform manner. 
A survey of present day conditions in the United States discloses 
the greatest progress in and the greatest results from industrial 
research m larp electrical, chemical and metallurgical industries, 

11 ere rea scientific research methods were first applied and 
where its application has been carried to the greatest extreme. 
The electrical industries have been particularly fortunate in this 
respect, due largely to the fact that they had no generation-long 

cSd in proportion of the leaders have been men edu- 

technical schools and universities where the spirit of 

ange that the value of industrial research should early have 

norfwT'^®'^ f ^ necessity in the electrical industries 
nor that the methods of scientific research should have become 
ose y interwoven m all its processes. So effectually has this 
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dependence on research methods been established in the larger 
electrical manufacturing organizations that no question is ever 
raised as to the proper method of attacking a problem or a 
difficulty. Not only do we look to the established research 
departments for the production of most of that which is radically 
new in the art but they have become and are, either directly or 
indirectly, our haven of succor when some particularly difficult 
and knotty problem arises. It is difficult for those of us who 
have lived and worked long in this environment to appreciate 
any attitude of mind but the one which seeks the answer to a 
radically new problem in the processes of scientific research. 
Thus far have we progressed from the era of the cut and try 
method—an era productive of much that was of inestimable 
value to the world. In comparing the present and prospective 
future with the past, we should also not lose sight of the fact 
that our so-called scientific methods would be of little avail were 
it not for the accumulation of facts laboriously dug out by em¬ 
pirical methods at a time when such m.ethods were the only 
ones that could be applied. 

While the development and beneficial results of industrial 
research are most apparent in the larger industries,, where they 
were first applied and where funds have been available for a 
continuation of the work during the period when scientific 
methods were on trial, the signs are numerous which indicate 
the rapid extension of scientific research to the smaller 
industries. These signs are shown principally in the growth 
of industrial research laboratories established for the purpose 
of assisting clients with research facilities in much the same 
way that consulting engineers have long assisted in engineer¬ 
ing matters; also in the formation of centralized research 
establishments destined to serve an association of individual 
manufacturers engaged in the same or similar lines of work. 
That this growth of industrial research will continue at an ever- 
increasing rate seems beyond question. The results thus far 
obtained leave no doubt as to the value of scientific methods 
when applied to industry and the truth of these results is becom¬ 
ing each day more clearly evident to the rank and file of those 
engaged in the production of material things. The process of 
this evolution of thought and application is well illustrated by 
Macauley in his “Science of Government,” where he says “First 
come hints, then fragments of systems, then defective systems. 
The sound opinion, held for a time by one bold speculator, 
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becomes the opinion of a small minority, of a strong majority, 
of the majority of mankind. Thus the great progress goes on.’ 

That the great war on which we are embarked is exerting an 
enormous, stimulating influence on the extension of industrial 
research is clearly evident. The limits, both in time and extent, 
seem now to be determined merely by the ability to obtain spec¬ 
ially trained men and women and the ability of the present indus¬ 
tries and their workers to absorb properly the serum of the new 
inoculation. While very great benefits will undoubtedly accrue 
from this extension of scientific research methods into the arts 
and industries where it has not hitherto penetrated, very grave 
dangers undoubtedly attend the present forced growth. These 
dangers are two-fold in character. In the first place, with the 
enormous demand for research workers and with the glowing 
prospects of hitherto undreamed of accomplishments, many men 
will undoubtedly undertake so-called research work for which 
they are essentially unfitted, both as to mentality and train¬ 
ing. At the same time, alleged research activities will be start¬ 
ed on a large scale in places where there is little or no present 
call for such activities or where the nature of the problems is 
such as to necessitate a gradual building up of the research 
function. These two correlated factors, which are not at all 
unique to industrial research, since they in one way or another 
attend the publication of every new and useful achievement, 
will undoubtedly result in temporary reactions against the 
scientific method and in favor of the so-called '‘practical method” 
The extent to which these reactions will prove deleterious to 
the general early extension of scientific methods to the various 
industries will depend very largely on the control and guidance 
which is exercised in the next few years and on the ability of 
our universities and technical schools to meet the large demands 
for capable, scientifically trained men which will be thrust 
upon them. 

This brings us to the second of the dangers, namely, the pos¬ 
sibility that the pressure of industrial research may react on 
universities and technical schools in such a way as to cripple 
them in their essential functions as a part of the general scheme 
of national economic development. 

In the chaos attendant upon the growth and development of 
this new element of our industrial fabric there has been a great 
deal of uncertainty as to the relations between so-called “pure” and 
industrial researches and the relations of the university to the in- 
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dtistrial research laboratory and its problems. A part of this cha¬ 
otic condition is inherent in the nature of a situation which requires 
much experimentation before the road to the answer is clearly 
marked out. A part, however, is undoubtedly due to a failure 
properly to analyze the situation and assign to each element in 
the research program its real sphere of utility. 

The relations between pure and industrial research and be¬ 
tween the university laboratory and the industrial laboratory 
were very fully considered and very clearly set forth by Colonel 
J. J. Carty in his Presidential Address at the annual meeting 
of this Institute in Cleveland in 1916. Colonel Carty pointed out 
that much of the confusion now existing was due to the fact 
that the methods employed in pure or academic research and in¬ 
dustrial research w’^ere identical and that from this had arisen a 
confusion of ideas based on the assumption that identity or lack 
of identity in the method was the yard-stick by which research 
was to be designated as pure or industrial. Colonel Carty 
pointed out that the real distinction lay in Che ^motive behind 
the research and not at all in the methods employed. In other 
words, two investigators starting from essentially the same 
basis of fact and pursuing practically identical paths to prac¬ 
tically identical conclusions could be, the one a performer of 
industrial research with a purely utilitarian motive, and the 
other a delver in pure research for the purpose of enlarging the 
bounds of human knowledge and with no immediate utilitarian 
aim in view. 

If, as Colonel Carty points out, the question of motive is the 
essential determining factor which differentiates pure and indus¬ 
trial research, a thorough appreciation of this fact should tend 
to clarify the situation as concerns the functions of academic 
institutions and their research laboratories in the industrial 
research problem. 

Viewed from the standpoint of motive, there would appear 
to be but little place in an academic institution or its labora¬ 
tories for real industrial research. Per contra, there would 
appear to be but little place for so-called “pure” research in a 
strictly industrial organization. It does not necessarily follow 
from this that an academic institution should engage in no in¬ 
dustrial research, nor that an industrial institution should never 
undertake problems of pure research, for, on the one hand a certain 
direct and limited participation in industrial research may be the 
best way to advance pure scientific research and the development 
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of men, while on the other hand, limited excursions into the realms 
of pure science may react to the best interests of the industrial 
laboratory and its staff and be productive of real and worth¬ 
while extensions of the realm of knowledge. In such cases, 
however, there should be no misunderstanding as to the govern¬ 
ing motives. 

Viewed in the broadest possible way and considered as a part 
of a complete national organization, industrial and academic or 
pure science research laboratories are, of necessity, very closely 
associated and must grow together and with the same relative 
vigor it the best interests of civilization are to be served. It 
is difficult to see how either could completely supplant the func¬ 
tions of the other. On the one hand, the academic institution, 
wi h.its pure research laboratories, is engaged primarily in the 
education and development of men trained in scientific methods 
and m extending the realms of knowledge for the benefit of man- 
ind and wfihout any particular utilitarian motive. On the other 
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the establishment of an atmosphere highly prejudicial to the 
broad training of men or to pure scientific research. On the 
other hand, the industrial research organization is not equipped 
to undertake the general work of the university either in the 
training of men or the conducting of pure research, nor can it 
afford to do so. From the very nature of its genesis, the util¬ 
itarian object is the motive controlling it. To be sure, occa¬ 
sional pieces of pure scientific research may from .time to time 
emerge from the industrial laboratory, but this work will be 
small in comparison with the sum total of accomplishment in 
its proper field. 

But to succeed in its proper field industrial research must re¬ 
ceive a continual stream of capable men and women thor¬ 
oughly trained in methods of scientific research, thoroughly 
grounded as to the geography of knowledge, and competent to 
appreciate any extensions in its boundaries and capable of im¬ 
mediately cultivating such extensions for the benefit of the par¬ 
ticular industrial research organization with which they are 
connected. Any failure in the supply of men or any failure to 
advance the bounds of knowledge by pure scientific research 
will result inevitably in a strict limitation of industrial research. 
In referring to the work of the early chemists and alchemists, 
Sir William Thmey remarks that until men began to observe 
and interrogate nature for the sake of learning her ways and 
without concentrating their attention on the expectation of 
useful applications of such knowledge, little or no progress 
was made. In other words, until a sufficient foundation of 
pure science has been vsuccessfully laid there can be no applied 
science. 

In considering the part which the educational institutions 
should id ay in the solution of research problems for indus¬ 
trial organizations, there are other factors which should not 
be lost sight of. As already indicated, there would appear to 
be a very real and imminent danger to its pure research function 
if the educational institution were to embark largely on the so¬ 
lution of industrial problems for commercial organizations. 
vSuch a course would establish and attempt to maintain in the 
same institution tw^o sets of research activities propelled by anti¬ 
podal motives. On the one hand would be the group of pure 
scientific investigators, whose impelling motive was the desire 
to explore unknown regions and extend the bounds of knowledge 
without any thought of the immediate practical application of 
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the results of their work. The measure of their achievements 
would be the number and extent of the new facts brought to 
light. On the other hand, the industrial research group would 
be involved solely in the practical results of their work and 
the measure of their success w'ould be an amount of money made 
or saved. 


This state of affairs, involving the existence in the same insti¬ 
tution of two groups using the same methods but impelled by 
different motives, would not itself be serious if the financial sit¬ 
uation of the individual workers was relatively the same. Un¬ 
fortunately, this is never the case. Having a monetary motive, 
success in industrial research is measured largely by a monetary 
reward ^ and there would be, therefore, a strong tendency for the 
iridustrial research workers in the educational institution to 
command and obtain larger emoluments than their confreres in 
the pure research field. Since academic salaries arc, in the 
main, notoriously low, any scheme which would raise the general 
income of the industrial research worker above that of his co¬ 
worker in the pure research field would produce dissatisfaction 
and discontent and what is worse, a tendency for the major 
part of research ability to gravitate into the industrial field. 
Occasional exceptional instances of men so imbued with the 
ove of scientific research that the question of monetary return 
IS wholly secondary cannot outweigh the fact that in the great 
majonty of cases the needs of wife and family for the material 
necessities and comforts of life are a far stronger force in deter- 


mining a man s actions than any other. 

There is another factor of quite a different character which 
must be reckoned with. This is the element of human nature in 
man as at present constituted and as exemplified in the leo-al 
ru es which he has evolved for the proper guidance of his affairs. 
Houghly speaking, m the material aspects of life human beings 
expect to enjoy, for a time at least, the exclu.sive results of their 
wbprp^'ti. certainly true in the realm of industrial research 

eninv fh a money for its promotion expect to 

enjoy the proceeds which flow from its results. This is neither 
an unnatmal nor an unworthy aspiration, but it does raise a 

“ educational and 

5dis entering upon a relation with the pro¬ 
of ft ^ definitely the freedom 

fuU DuSicaff jn certain directions. For centuries earlv and 
U publication of the results of scientific research has been a 
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cherished prerogative of the research worker and of the institu¬ 
tion with which he was connected. If the institution is now to 
enter into a commercial relation with individuals and groups 
whereby it is to undertake the solution of their problems with 
the help of funds which they provide, it must expect to become 
in essence, merely a part of their organization and be governed 
to a large extent by the rules which govern in the commercial 
field. Not the least of these rules is the one which ordains that 
the results of industrial research shall be the exclusive property 
of those who accomplish it, either by being maintained in secret 
or by being protected by patent. 

1 he welfare of the university and the technical school in their 
proper functions should therefore be a matter of the gravest 
concern to all who are engaged or interested in industrial research 
and we should be continually on the alert to see that their facili¬ 
ties arc ample and functioning to full efficiency. From the 
standpoint of the writer, these facilities should be mainly those 
which will enable them to attack broadly problems of funda¬ 
mental scientific research—the facilities for industrial research 
being provided either by the individual industries themselves, by 
associations of manufacturers, or through the medium of indus¬ 
trial research laboratories equipped to undertake the solution of 
1 )roblems for clients. While these latter would, of course, be self- 
sustaining, they would not necessarily be money-making insti- 
tutioHwS in the ordinary sense. 

The second of the dangers of the present situation referred to 
above is that under the enormous pressure for industrial research, 
engendered by war conditions, too large a proportion of the men 
capable of pure scientific research and the instruction of other 
men may be drawn away from their proper field of endeavor. If 
this withdrawal is but temporary and for the duration of the war, 
no gi-cat harm will probably result. If, on the other hand, there 
is danger that the withdrawals will be permanent, the results for 
the next decade will be serious indeed, since we will have erected 
the skeletons of huge industrial research organizations and find 
ourselves confronted with an inadequate supply of properly 
trained men to carry on the work. Further, there will be a long 
continued cessation of explorations in those regions where 
exploration is mo.st needed. For the good of the nation no stone 
should therefore be left unturned to provide suitable research 
facilities in a suitable research environment for every man who 
shows that he has that element of originality, without which 
progress is impossible. 
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From what has been written in the foregoing paragraphs it 
occurs to me that I may possibly have trenched too largely on 
the scope of the papers covered by Mr. Skinner and Pro- 
fesor Kennedy. If so, my excuse is that I have not had oppor¬ 
tunity to consult with them and also that it is difficult for me to 


set forth my ideas on industrial research without, at the same 
time, stating my viewpoint on the relations of industrial to pure 
or institutional research. Further, as my point of view may not 
be identical with that of the other writers, some useful purpose 
may be served by its presentation. 

Having set forth certain conditions which seem to me funda¬ 
mental and certain situations which appear to confront all of us 
who are interested in the progress of industrial research, it may 
not be uninteresting to outline briefly the scope and progress of 
industrial research in the Bell Telephone System. 

The aim of this research is frankly utilitarian in character. 
The main and never-lost-sight-of aim of the work is the advance¬ 


ment ^ of intelligence communication telephonically and tele¬ 
graphically by the application of the best scientific methods to 
the solution of the innumerable problems which arise. In the 
present stage of development the arteries of industrial research 
permea,te a very large part of the organization. This consider¬ 
able utilization of scientific research methods is not the result of a 
mushroom growth but is a gradual evolution through the ex¬ 
perience of many years. All of this experience has tended to 
confirm our conclusions that real advances in the art of telephony 
and telegraphy are to be looked for only in the results of broad¬ 
minded and painstaking research work. For many years, 
therefore, the constant effort has been to provide an ample staff 
of capable men, specially trained in scientific methods, and to 
place at the disposal^ of this staff whatever was necessary in the 
way of material facilities or human assistance. In common with 
many other industries engaged in the development of industrial 
research, the principal difficulty that has been experienced has 
truM securing of a sufficient number of trained workers. 
\^hile TOt necessarily a reflection on the colleges, universities 
and technical schools, since their problem was a huge one, it is 
undoubtedly true that they have not in the past been able to 
secure, tram and supply a sufficient number of skilled men and 
women to meet the evergrowing demands of industrial research 

InfrnT^ Telephone System are today 

, fronted with a very large number of problems of the utmost 
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importance in the advancement of national and international 
communication worki and it is only through the greatest exer 
tions that we have been able to secure and organize the specially 
trained force needed for their solution. ^ 

A common and not unnatural mistake concerning industrial 
research is that its field is limited very largely to the solution of 
laboratory problems. I venture to say that if a hundred edu¬ 
cated and intelligent people in the ordinary pursuits of life were 
asked their ideas as to what constituted industrial research the 
great majority of them would picture some sort of a building or 
buildings in which men were experimenting with bottles and 
glasses and chemicals or with mechanical or electrical instruments 
of some sort. Although the work which goes on in laboratories 
such as these is a vital and essential part of the industrial re¬ 
search problem, it is by no means the whole of its sum and sub¬ 
stance. In order to make the work of the laboratory investi¬ 
gator of maximum efficiency it is necessary in some way or other 
to formulate the requirements of his problems so that he iriay 
direct his energies along the straightest path to the desired goal. 
In many cases it is further necessary in some way to investigate 
carefully the products of laboratory work from the standpoint 
of their adaptability to commercial requirements and to the 
re-actions which they may bring about in more or less unexpected 
places. All of this follows directly from the fact frequently lost 
sight of, that what should be done depends in large measure on 
what can be done, and what can be done in turn on what it is 
essential to do. In other words, it is the old problem of the gun, 
the projectile and the armor in a slightly modified form. While 
a little thought indicates the necessity for a proper correlation 
between a study of requirements, the formulation of the prob¬ 
lems to be solved, the carrying on of the research, and a test of 
its results in their practical application, it is clear that no hard 
and fast scheme of organization, applicable alike to all industries, 
can be laid down. In fact, it seems that the proper methods are 
almost as numerous as the types of industry to be served and 
that they range from a condition, on the one hand, where the 
entire problem is undertaken by the man who actually performs 
the research to the other extreme, where each phase of the 
problem is in the hands of separate individuals, no one of whom 
encroaches in the slightest degree upon the field of his co-worker. 

As exemplified in the Bell Telephone System, the carrying on 
of industrial research does not lie at either of the above extremes. 
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although possibly it may approach slightly nearer to the latter 
than to the former condition. 

Broadly speaking, the organization of our industrial research 
can be divided into two main subdivisions: 

1. That part which is performed in the central Engineering- 
Department of the American Telephone and Telegraph 
Company; and 

2. That part which is performed in the centralized labora¬ 
tories of the Western Electric Company. 

In the first of these two divisions originate many of the re¬ 
quirements which call for the application of industrial research. 
This group, which constitutes in a way the central research 
department of the Bell System, is under the immediate direction 
of the Chief Engineer of the American Telephone and Telegraph 
Company, who has likewise general direction of the research 
problems undertaken by the second of the groups. The equip¬ 
ment of this group consists not of laboratories and apparatus but 
of highly trained human beings, the whole forming an organiza¬ 
tion capable of passing expert judgment on any of the vast num¬ 
ber of problems continually arising in the system. In this cen¬ 
tral analytical research department are conducted not only the 
studies tending to correlate the requirements for the specific 
research work needed by the Bell Companies, but also those 
broader studies of fundamental requirements of growth in an 
ever-expanding electrical intelligence communication system. 
The necessity for a group of this kind, equipped in the manner 
indicated, is the result of our years of experience with other and 
what now appear to be essentially faulty alternatives. 

From this first division of the research organization originate 
in large measure the sailing directions which govern the course 
of the physical and chemical researches carried on in the cen¬ 
tralized laboratories of the Western Electric Company. Without 
these sailing directions it would be impossible to carry on much 
of the work of the centralized laboratories, which is now produc¬ 
tive of results of great value. Before passing to an outline of the 
work of this second division, there is one point which should be 
clearly understood. This is the fact that while the research work 
of the Bell System is divided into the two main and essentially 
non-overlapping divisions noted above, it is not to be understood 
that the work of each of these divisions is carried on wholly 
independently of that of the other. Each group is in constant 
and direct communication with the other group and there is 
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nothing of the idea of a separate cell organization in the arrange¬ 
ment. In other words, there is no thought that the work in the 
first division will be entirely completed without consultation 
with those in the second division, or that of the second division 
without consultations with those in the first division. For 
example, in the formulation by engineers of the first division of a 
problem to be investigated in the physical or chemical research 
laboratories, the research men of these laboratories are drawn 
into the work in a preliminary way to avoid, so far as possible, 
any chance of such formulation as would result negatively or in¬ 
volve a large expenditure of time and money in essentially useless 
work. Very frequently this preliminary participation of the 
laboratory research workers modifies the requirements which 
were originally thought proper. 

As indicated above, the physical, chemical and mechanical 
research laboratories of the entire Bell System are centralized in 
the Western Electric Company and are under the immediate 
direction of its Chief Engineer. This centralization of laboratory 
facilities was adopted after a number of years’ trial of other 
arrangements, involving at one time three large separate labora¬ 
tories. The experience of the past ten years has indicated clearly 
the desirability of the present arrangement in the System as now 
constituted. First and foremost, it makes available an extent 
of plant and staff not otherwise economically possible. It also 
tends to a more efficient utilization of this plant and staff on the 
major problems of the System by eliminating practically all 
duplication of effort, which previous experience indicated to be 
inevitable in a non-centralized laboratory organization. Finally, 
and not by any means least in importance, is the material 
advantage of having the research laboratories closely associated 
with the manufacturing part of the System. This advantage is 
the direct consequence of the fact that practically all of the 
results of our research work find their immediate fruition in 
physical apparatus which is to be constructed in large quantities 
under modern manufacturing methods. Any failure, therefore, 
to co-ordinate closely the work of the industrial research depart¬ 
ment with that of the manufacturing department would result 
in considerable delays and inconveniences and great monetary 
loss. 

For purposes of administration and the more efficient carrying 
on of the work, the laboratory is divided loosely into a number of 
principal divisions, each concerned with some general phase of 
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the industrial research problems peculiar to the telephone and 
telegraph industry. Thus we have the chemical laboratory, 
dealing with the class of problems its name indicates; the trans¬ 
mission laboratory, dealing with those researches which are 
peculiarly involved with telephone transmitters, receivers and 
the efficient transmission of speech and telegraph currents; the 
fundamental physical research laboratory, which deals with the 
broader physical problems of the industry; the general physical 
laboratory, which deals with the more specific and immediate 
problems; the manual and machine switching circuit laboratories, 
which deal with those problems peculiar to the complicated 
networks which form such an integral part of modern communi¬ 
cation systems; and finally, the various telegraph, mechanical 
and metallurgical laboratories, which deal with specific problems 
m other spheres of the work. All of these various laboratories 
are organized to work in the closest harmony and without un¬ 
necessary duplication. Very frequently the solution of some 
research problem involves the co-operation of three or four of the 
groups, each group handling the particular element of the prob¬ 
lem for which Its personnel and equipment particularly adapts it. 
Very frequently also problems arise which necessitate the forma- 
tion of a special group selected from the various parts of the 

reference to the work in hand— 
this group being disbanded on the completion, or re-organized as 
the work progresses. igduizeu as 

As indicated above, the laboratories of the Western Electric 
Company handle the physical, chemical and mechanical re 
searches for the entire Bell System. In large Teasnrrthei 
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value in the M ofc! ^<1« found to be of essential 

and proper solution. P^t in the way of full 
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are destined to o-mw enn i research problems 

of capable supply 

This, and this alone seems tn “'^c^^^g'ators can be secured. 

alone, seems to mark the only practical limitation 
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to the size of our research organizations, since experience has 
shown that where the proper type of trained mind can be applied, 
the financial results invariably return many times the cost of the 
research. To secure the necessary men, those charged with the 
direction of industrial research must look to the universities and 
higher technical schools. We must see that in our zeal to obtain 
immediate results we do not jeopardize our future by taking from 
the institutions the instructors and research men who can be of 
more service to the industries of the countries in their academic 
pursuits than they could be in industrial occupations. 
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Discussion on “Industrial Research and the Colleges” 
(Kennelly) and “Industrial Research With Some 
Notes Concerning Its Scope in the Bell Telephone 
System,” (Jewett), Philadelphia, Pa., Oct. 8, 1917. 

V. Karapetoff: Industrial research is in a much more fa¬ 
vorable position than governmental research or college research, 
because industrial research has for its purpose the promotion 
of the sales, or the bettering of performance or economies of 
certain apparatus. Colloquially speaking, it means dollars and 
cents, and therefore in progressive companies it finds its due 
place; it becomes a matter of wise management to guide this 
research so that it is not wasteful, but is useful for the purpose 
in hand. 

But goyernmental research, or the research in endowed or 
state institutions, has more general distant aims; therefore it is 
more difficult to convince those who hold the purse strings as 
to its necessity or usefulness. This is, perhaps, the greatest 
obstacle in the path of governmental or institutional research. 

Speaking more specifically about the difficulties in conducting 
university research, I should like to point out a few disadvan¬ 
tages. First, it is not sufficiently correlated. Usually a re¬ 
searcher is a self-centered fellow b}^ nature, and he is the last 
person to determine what is being done by others or to confer 
with other investigators in the field. That is a harmful and 
wasteful tendeney. 

I have urged once or twice before this Institute the necessity 
and the advisability of forming a Research Committee, a com¬ 
mittee that would help to guide young individual investigators 
and strive for a better co-ordination of their efforts. Such a 
committee, if organized, should preferably consist of suitable 
members of other technical committees, so that the Research 
Cornmittee would be in close touch with the rest of the technical 
work of the Institute. 

Another way of correlating the efforts of individual investi¬ 
gators IS by unofficial research centers. A man of national 
reputation, a specialist, say, in magnetic testing, could naturally 
become a, center of information and stimulation for all other 
workers in magnetic research. Some one should bring him 
lorward,^ and urge him to become such a center, so that vStudents 
and^ beginners might write to him for guidance, references and 
advice on apparatus. Whatever is done, I make a plea for a 
better oversight of the efforts of individual investigators, other¬ 
wise in this age of efficiency and strenuous effort, we waste too 
much time on repetition in research. 

There IS a number of controversial questions in electrical 
engineering problems which investigators in colleges and in 
go\einment institutions should go at, because the progress of 
our art can be promoted better if problems which are under 
present are settled. For instance, there are two 
ree theories of commutation in d-c. machinery; now is the 
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time to settle them, as far as possible, and to eliminate perhaps 
nine-tenths of the historical material that is of importance no 
more or is even misleading. We can never hope to advance 
rapidly if we drag behind us a great mass of accumulated his¬ 
torical data and views that are no longer of value. The colleges 
of engineering with their libraries are probably better adapted 
than any other agency to do this work of scavenging and elim¬ 
inating the accumulated materials. 

Out of ten men who undertake research, perhaps only one is 
gifted enough to do original work. The rest of them fail, or 
get discouraged, because they attempt to go into new unexplored 
regions, while their proper sphere of work is to clean out the old 
stuff and to prepare the path for better investigators, more 
skillful men, than they are. That is the second plea I am mak¬ 
ing; namely, for cleaning up the old data and getting the results 
systematized and digested so that we can say “this is approx¬ 
imately known,” or “this is unknown or controversial, but 
wotild be settled if such arid such tests were performed.” 

Another difficulty that the engineering colleges are confronted 
with is this—A student or a young instructor comes to you and 
says that he would like to work on this or that subject, of which 
he is practically ignorant. You let him work for a year, and 
then he graduates and disappears. He has spoiled some ap¬ 
paratus, wasted some materials, and that is about all he has 
accomplished. Now, I make a plea that each institution of 
learning become a center of research for a few definite lines, 
and not duplicate the work done in other institutions. Having 
selected a few lines of research they should be conducted year 
after year so that in the end not only tangible results have been 
produced, but a group of investigators have been trained who 
are ca]3ablc of taclding certain advanced problems. 

Another plea that I wish to make is that more attention be 
paid to theoretical and mathematical research as against empir¬ 
ical experimental work. It is perhaps true that in Germany too 
much emphasis is laid upon mathematical relations, but in this 
country I would say that too much emphasis is laid upon un¬ 
related experiments. We have a prodigious maze of curves and 
data that cannot be used for any purpose because the results 
have not been put into mathematical form and generalized. It 
is a matter of efficiency and economy to try to perfect formulas 
and rational theories that would make a vast number of experi¬ 
ments unnecessary. 

Finally, I make a plea for more spare time to be allowed 
teachers and students for research. For a teacher research 
should be recognized not as a luxury, but as a necessary part, a 
function of his calling; also gifted students should not be bur¬ 
dened with traditional required courses, but should be given 
time for research work after they have shown their aptitude for 

^^*If all these pleas that I have made should be heeded, and if 
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they be gradually incorporated into college curricula, we would 
cieate in our colleges that intangible thing that is known as an 
atmosphere or_ background of research. With this solid back¬ 
ground in an institution, every student going there, and long 
e ore he is ready to undertake any work himself, would come in 
contact with men versed in research. He would hear scientific 
discussions, he would see mysterious tubes and coils, and he 
wou ^ be inspired by them. And when his time comes he would 
step into a group of more mature and inspired workers, and he 
e given a simple definite problem, a task to prove his worth. 
Alexander M. Gray: The average student is immature when 
en ers college and the first two years of his course are spent 
on mathematics, physics, chemistry and drawing so that onlv 
are available in which to train him to fit into the 
iinnrA bccausc the engineering profession has asked the 

everything but research men, thesis work has 

dropped in favor of commercial courses on 
specincations and business law. 

men cannot now find a sufficient number of research 
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and its importance recognized Th' discovered 

• same t.me it is necessary that there shonid be intensive 
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investigation of problems which have already been skimmed of 
their cream by these sporadic investigators in the universities 
Such intensive investigation lies midway between the kind of 
work undertaken ordinarily in the universities and the applica¬ 
tion m the industries, and consideration of it should be included 
in a general discussion of research. Possibly the university is 
the place for this kind of investigation, but the fact is it is not 
being done there, and it is my opinion that under the present 
circumstances the industry that is particularly interested in 
seeing an intensive cultivation of some particular aspect of pure 
science is not only justified, but even obliged to provide for 
research of this kind in order to furnish a basis on which the 
industrial application may proceed. 

The second aspect of the subject to which I refer is that of 
correlated research in different sciences. Perhaps an illustration 
will make clear the point I wish to make. The science of illumi¬ 
nation is not physics or physiology or psychology or simple 
engineering, as some think; it is a combination of all these. In 
order that the science of illumination may be developed, it is nec¬ 
essary that correlated research in all these subjects should be 
undertaken. I think I am correct in saying that very few, if 
any, such correlated research is carried on in the universities. 
In the present organization of university departments such 
correlation of research work to cover the intermediate fields is 
not likely to be obtained. It is, therefore, necessary that the 
industry which is interested in research that is on the border, 
line between various sciences should undertake it in its own* 
laboratories. 

It is my judgment that in both of these two aspects mentioned 
above it is legitimate for the industry and even incumbent upon 
it to equip laboratories for research in pure science. 

L. F. Morehouse: I am glad that Major Jewett has called 
our attention to the reaction on technical schools and colleges 
that may result from the pressure for men to take up industrial 
research. 

Industrial research has advanced so rapidly within the last 
few years that this pressure for men is now tremendous, and our 
technical schools and colleges are holding their own in the way 
of men with great difficult}^ The problems of industrial research 
as presented to the individual members of the faculty, the grad¬ 
uate students, and to a certain extent, the undergraduates, are 
most attractive. The remuneration for the industrial researcher 
compared with that paid the members of the faculty is relatively 
large and but few of these, who are competent are, able to resist 
the temptation to go into the industrial field. 

Scientific methods are no longer on trial, and there is much 
evidence that there is now a wide appreciation of the benefits 
from their em])loyment in the industrial field. The demand for 
men trained to appreciate and utilize the results of pure scien¬ 
tific research is heavier than ever before, and, as Major Jewett 
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pointed out, the welfare of the technical and university schools 
must be a matter of the greatest concern, for unless the uni¬ 
versities and the technical schools can perform their functions 
properly, industrial research cannot accomplish what it should, 
because there cannot be made available sufficient men who have 
been properly trained. 

What is the answer? Is it not to recognize that the home of 
pure scientific research is the university and the technical schools, 
and for industry, transportation, communication and commerce 
to appreciate the debt they owe to pure science, and give that 
sympathetic appreciation^' and generous financial support 
which is so much needed. 


I am not losing sight here of the fact, as Col. Carty pointed 
out in his Presidential Address before the 33 rd Annual Conven¬ 
tion, that much can be accomplished without money, that the 
most important and fundamental factor in scientific research is 
the mind of a man suitably endowed by nature, for unless the 
scientific investigator has the proper genius for his work, no 
amount of financial assistance, no laboratory, however complete, 
would enable him to discover new truths or to inspire others to 
fi? other hand, there are many things required in 

the conduct of pure research which can only be done with tlic 
of which there is not sufficient available. 

Major Jewett has mentioned the importance of a proper 
direction of mdustrial research, particularly at this time, when 
‘ Stimulating industrial research so much. That there 

direction, and a proper understanding of the 
objective in industnal research is important at all times. There 
is always the danger that men will undertake work for which 
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line alotiK which our research was directed, a line which was 
followed out with such complete success that efficient long 
distance telephone transmission stands as an accomplished fact 
today, without appreciable reconstruction, and the junking of 
the existing plant. 

To have attempted this result with high-power transmitters 
would have required extensive changes at all of the ten-million 
substations connected to the Bell system in the United States, 
substantial reconstruction of switchboards, and perhaps the 
cable plant. While greatly increasing the cost of the service to 
the public, the results would not have been satisfactory, nor 
indeed more than a partial solution for the limitations imposed 
by the use of high-power transmitters on any plant that could 
be constructed would have prevented ever attaining the result 


accomplished by the other method. 

Without proper direction, and without a proper understanding 
of the objective to be accomplished, this great achievement 
could not have been accomplished. 

The importance to the telephone art of industrial research 
carried along scientific lines was long ago recognized by the of¬ 
ficers of the Bell system. The research departments then 
founded, of which Major Jewett has spoken, has grown until 
now there are at work under^the general direction of Col. Carty 
more than six hundred engineers and scientists, carefully se¬ 
lected, with due regard to the practical and scientific nature of 
the problems encountered. Arnong these are former professors 
and instructors of our universities, post graduates anci other 
graduates, holding various engineering and scientific degrees 
from more than seventy scientific schools and universities. Hov 
these departments are related and how the work is earned on is 
touched on sufficiently, I think, by Major Jewett 

Clayton H. Sharp: Dr. Kennelly has made a plea for under¬ 
taking and carrying out of a certain limited amount of industrial 

research in the universities. . v, 

I am surprised that Dr. Kennelly has not emphasized more 
fully the requirements of the situation as far as the interests ot 
the universities or technical schools themselves ^ 

Undoubtedly, it would be a fine thing for tp industries 
large number of the technical probletns 

to be solved for them by the technical schools, bupvhat about 

the technical schools? It may not be to ^ ^ the 

.Dr. Kennelly has outlined, and has pointed out, some 
serious disadvantages under which the dis. 

versitv labors in undertaking this work, and t^se ^ei> ms 
advaSages impose quite strict limitations 

the character of such work, which can done He mentions 
the atmo-sphere of intellectual and frankness 

must pervade the scientific department o conduct of manv 
shows that that is directly mimical 
classes of research. This restnction is important both 
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university and to the industry involved and cannot be under¬ 
valued. 

Dr. Kennedy says in another place: ‘‘the watchword of in¬ 
dustrial research is therefore loyalty to the industry which makes 
the venture in investigative effort, and this entails watchful 
protection as to the secrecy of the investigation and its results.” 

hand, loyalty to the university and the interests 
which it represents may directly exclude all industrial research 
of this character, and loyalty to the university certainly is an 
element which is deserving of a good deal of emphasis. 

• place Dr. Kennedy says: “A limited amount of 

work may also be advantageously carried on 
in the college laboratories, along with the general research work. 

• j 1 ^ growth of new industries, a greater demand for such 
industrial research comes to the colleges, the desirability in¬ 
creases of dealing with it in a systematic way, through the 

a corporate body, by maintaining, in the workshops 
ot the industrial concerns, special assiwstants under the direction 
ot specialists on the teaching staff. In this way. perhaps, the 
most_ effective service may be given by the technical colleges to 
e junior industnes, with the maximum of economy.” In 
this proposition the fact must be taken into 
college as a corporation undertakes to 
conduct industrial research, it puts itself in a position of re- 

prove an embarrassment 

to the college in its more le^timate function of teaching, 
as thiW^ preceding discussion that 

ft in thf it® cut out for 

Dr proper training of research men as such. 

industSTh? the case of these junior 

reSTdoS desirous of having 

have rppmn-co esu-n . These younger industries must 

the researSer ^ consulting specialist of 

laboratories ” services of some specialist college 

havinc^ recoursoTn n+f ^ ^”°ther alternative, and that is in 

which'’mav be bronsrtif'*• which are in existence, or 

y • brought into existence, where research mav he 

ec™yaSdVrreSS?“‘f'’‘f ""'T ““ the Slt.S 11 to 

m equipped for research 

industrial ^research for^thr^Lefit^ff ^ development of 

undoubtedly will nrove tn he junior industries, and 

W. I. SHchter- ff 1 c ° d i"" the future, 

papers on the siibiect ofl-eqclf note that of the three 

members of the research laborat- P^ 5 ®®^ted today, two are by 

and one is by a university profesTon^'?hTml 1 
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trend of research to the laboratories of the manufacturing- com¬ 
panies, as fifteen years ago practically all contributions'on re¬ 
search came from the universities. 


The enormous resources in wealth and apparatus of the large 
industrial companies, and the fact that their employes are right 
in touch with the problems-of the art as they arise, gives them a 
great advantage over the universities. The most important 
factor in making research worth while is to have a problem that 
is worth while, and the universities are at a disadvantage in this 
respect. 

The first duty of a university and a technical school is to train 
men and the major portion of the energies of the staff should 
be devoted to this purpose, but it is very desirable that a proper 
atmosphere of science and a proper attitude of mind, both 
among the instructing staff and students, be maintained by 
carrying on a considerable amount of research. An instructor 
who does nothing but teach will almost certainly become narrow 
minded and unprogressive. 

In former times the problems for research were general and 
the equipment required, simpler and not very expensive, but as 
the art develops the problems become more special and the 
necessary apparatus becomes more special and expensive and 
it is quite difficult to get the thousands of dollars necessary for 
good research at the present time. 

To have the university undertake such work for a commercial 
company for pay introduces undesirable complications such as 
patent rights, trade secrets and commercial rivalry, which are 
out of place in a university. The most practical alternative to 
this is to allow the individual member of the instructing staff 
freedom to associate himself with commercial organizations 
and to carry on work in the laboratories of the school. This is 
a quite prevalent practise and is satisfactory providing he does 
not become so engrossed in his outside work as to neglect his 
teaching. However, the ideal research is that which is per¬ 
formed by the individual for the love of the work. This type 
has its greatest benefit in its effect upon the worker and by re¬ 
flection, upon the students, but is very slow^ in the production 


of material results 

We have been urged at this meeting to train students to take 
up research work as an avocation but the demand for ^ch 
is not great enough to warrant adapting the work of the school 
for this purpose. The greatest demand is for men to become 
operating or commercial engineers. The best research men come 
from that small class of students who, during their technical 
course develop an interest in advanced physics and_ remain tor 
an additional year after receiving their engineenng degree. 
These men readily find employment in research laboratones^ at 
much better salaries than those paid to the usual engineenng 
graduate. But such research men are born and their 
talents have merely been brought out and developed by the 
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j ability to do fine research is a gift of 

“°st valuable things an instructor can do 
to dhecTthp® ° recognize this talent in individual students and 

into K? ^ i^nterests m such way that they may develop 
into big research men of the future. r ' ^lup 

an^nWct^®^'^®^' qi^estion of the pay of research men is 

the qtate-m™^+°”i 4 i ^ ^ cannot agree with some of 

who?s f?w that have been made here. A research man 

exnect a tVian However, 3 i'ou cannot 

tedinical ^o-hoT^t” ^ years’ course in a 

exueot him t be an expert research man, nor can you 

expect him to obtain a large salary at the start. 

heqt^that technical school curriculum of four years the 

edp-p of fi, IS to give a man a reasonably good knowl- 

intn an • P^riciples. If you want him to develop 

into thinr b® must spend more time and he must go 

vearo of ™®re deeply than he could possibly do in the four 
years of regular instruction. 

is the technical school or the university 

is moitiAn/i men, not to do research, except as research 

cannot h ^ training of the men. Industrial research 

m m economically except by trained research 

univcrsit? men to carry on industrial research in a 

m^n wh?jh tw“I industries just the 

men which the industnes need. 

sti3lv primarily needed, is more advanced 

WvAr f ^^Smeenng departments of our universities. Not, 
vear conVscJ “^jonty of students, nor in the regular four 

research line’ those men who have natural ability along 

cradiipte u 7 o^’ profit by taking one or two years of 

scheme n h ^ ^v, needed, therefore, is some practicable 

be*for Afentirely practicable, would 

to coonerp+^^^+y which needs a steady influx of research men, 

men ^Por ™^’^®’^sity in securing and training these 

anmifll amight give the university an 

offer sav^fo^^f^^°'^ of 15000, on condition that the university 

S50o' in cpch^^+rf^ carrying free tuition and, say, 

subiect to •mn’tnof appointments to these fellowships to be 

the comnanv agreement on the part of the university and 

confident that ^ scheme is certainly worth trying, and I feel 

investment p ’ company would find its 

investment a paying one. 

in^'hk" ^hfect^" seems to be a curious confusion regard- 

of industrial resea engineer wishes to know the real function 

As a martS of ? f ’^y ^ industry. 

resemSTw^rV^ industries have done and are doing 

by them under the°^ many years this work has been designated 
synonymious caption development.” Are the two terms 
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At the present time we have a great demand for ships, and as 
I happen to be connected with that industry, let us consider 
the question of research in that particular industry. I should 
say as recently as three years ago, there would not be a man in 
this room who was actively interested in the question of ship¬ 
building. Today you have one million people keenly alive to 
the problem of shipbuilding. You have here an industry in 
which there has been a great amount of research. This research 
dates back, I suppose, many centuries, and yet it was only a 
hundred years ago that applied science turned to that industry. 
A half century ago naval architecture secured its^ independence 
as a specialized science because the problem of ship design grew 
to such degree that it was necessary to coordinate all the con¬ 
crete questions surrounding the building of the ship. 

Naval architecture like other branches of science is not an 
exact science. Admiral Taylor, Chief Naval Constructor of the 
United States Navy, in a recent speech called attention to the 
fact that naval architecture, this science of ^ the designing of 
ships, was an inexact science. If you say, ‘‘I want a ship, 
you say nothing. You do not specify the'kind of ship you want. 
If you wish a ship to sail on the Delaware River you will adopt 
the construction suitable to that particular trade. If you desire 
a ship to cross the North Atlantic, you should not use one that 
is built for the Delaware River. 

Chief Naval Constructor Taylor further states that though 
there have been many observations made on sea waves it cannot 
be predicted what the proportions of a wave will be at any given 
time when encountered by a given ship, and therefore the ship 
must be designed with that great comprehensiveness of view 
which men have gained by a life time of researchTaking into 
account these numerous observations, the ship is ^ designed to 
be seaworthy. This is the crux of the situation in regard to 
shipbuilding. This knowledge has been gained much the same 
way that the manufacturer of armor has learned to observe the 
law of tolerance. 

Another point of this problem deals with the moulding of the 
mind for vocational occupation. Many of us here in this room 
are probably college graduates—I am one myself could you 
say to your parents or anybody in the world, when you were 
twenty or twenty-one years of age, that you would undertake 
a certain line as your life work? I very much doubt it. I am 
of the opinion that the human mind is so constituted that quite 
readily some other factor may enter the problem after you leave 
college, and thus change your plans for the future. I do not 
desire to inject myself into the discussion as an example, but I 
recall that I intended first to be a doctor, then either a lawyer 
or a minister, and today I am in the electrical business. I do 
not presume that all the research I might have done during 
college days on the subject of banking would have made me a 
banker. 
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to f ^ thing for a college professor 

detemme how he will form or train the mind or 
mclmation of a student so as to develop him into what we might 

is not hp\Tp?f u in my mind whether it 

th^t student such a liberal education, 

that when the student enters any industry, such as the one I 

him ’^dl have a mental equipment that will put 

d do the most good for this in- 

t^reit be a more powerful factor in that 

^r^t research—the development of great men. 

hroiSfr. reading over the papers of today, it 

^ ^ thought that they lack one thing, they 

CIO not present a concrete problem. 

Po y^ars ago when I was in Washington, a New York 

memW^f^ru'7^® Wrecked by a defective rail. I then re- 
a prominent member of the Institute was en- 
k ^ ^ problem of ascertaining defects which existed in 

thef y magnetic process. I took it up with 

on twt found that a man had been working 

nf ^ ^ bttle. but had laid it aside on account of pressure 

flip ^ usiness, or the lack of money or researchers to carry 
° Tu nothing was being done, 

it ii o ^soertaining flaws in defective rails, and 

, 0 difficult to understand exactly who is the most in- 
wWW of paying for the processes of research, 

o"tte Meif »“'* 

i, problem which is very prominent on the Pacific coast 

ato7v nf PrS°u high-tension insulators. I visited the labor- 
wi'tV,^l^;ai^7^' ®'f Stanford University, where he is provided 

ElectWn of the Pacific Gas & 

of matnST^Y’ P'^^.POse of investigating the qualities 

material af ^^f^'f^usion insulators. The most prominent 
SfssiffiHtv nf ^ I- ^"^d the question was the 

L exaSnifof'^^'''^ Y7 '''s^/^fors. I merely mention these 
rfiariT of the problems to be encountered. 

discuS ^ have been wondering in listening to this 

We in havlaf ia ^ do we mean by it? 

think of if uiaybe it is an indefinite one—we may 

or tL makfra discovery,_ or the acquiring of new data, 

problem which combmations of known things. Is it a 

tffic kfoxjS^c advanced and abstract scien- 

problem Sh a of an ordinary engineering 

telenh<^rw^^°’i"'^^^*®^ the opening of the trans-continental 
cnTri^°^^ I ^ previous, there was in New York a 

MaihoS-^^f dinner to the President of the Institute, President 

soSe ex-presidents and 

some others were favored guests—a dinner for some thirty or 
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forty persons. Our eloquent past-president, Mr. Dunn, was 
the toastmaster. Presently he referred to the great achievement 
ol the trans-continental telephone demonstration the dav before 
and said we had present with us the man who made it possible’ 
We all recognized immediately that the originator of the Pupin 
coil was present and that this coil represented the outcome of 
a great research problem in telephone engineering. Dr. Pupin 
in a modest way said he was very sorry that Mr. Carty could 
not be present at the dinner. Mr. Carty had not had his'clothes 
off for some fifty or sixty hours before the trans-continental line 
demonstration, and he was therefore hardly ready to attend a 
foi-mal dinner. He particularly regretted this absence because of 
Mr. Carty’s early work on the transmission problem. Dr. Pupin 
went on to say that several years before he had talked with 
Mr. Carty with regard to the distance to which the telephone 
could be operated. Mr. Carty knew the problem. He stated 
what the difficulties were. He indicated that the real problem 
was in the transmission circuit, and he indicated the nature and 
the character of the difficulty which was encountered. Then 
he (Dr. Pupin) took up the problem and worked out a solution. 
When the engineer has formulated the problem it is more than 
half .solved. 

Again it may be asked, what is research,what was the import¬ 
ant factor in the solution of this great problem in telephone 
ctigineering? Was the real research work in that problem the 
initial investigation and determining what the difficulties were, 
so that Mr. Carty could formulate the problem; or was it in the 
working out of specific method and apparatus by which those 
difficulties might be overcome, that is, the work of Dr. Pupin? 
The great result here was obtained by a coordination of the engi¬ 
neer and the scientist. The ability to see a new problem, to 
get the data, and place them in their proper relations and to 
definitely formulate the problem, as well as the application of 
the scientific knowledge and the ability to work it out in suitable 
form for useful service, are both elements which enter broadly 
into what we commonly understand as research. Sometimes 
these various elements are directed by a single man, sometimes 
they arc the coordination of many. 

A. E. Kennelly: Major Jewett’s paper very rightly points 
out that care should be taken as to the amount of emphasis to 
be laid on the industrial research movement. As various speakers 
have pointed out in this discussion, very little demand was 
made in the industries for technically trained researchers until 
recently. Now, partly owing to the pressure of the present war, 
much demand has been created, and there is a danger, as Major 
Jewett indicates, of over-emphasizing research work. We ought 
not to suppose, or lead students to suppose, that everyone should 
undertake research work. We ought to make it clearly under- 
stcjod that men of natural aptitude for scientific investigation 
may properly undertake research work as a business, while men 
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who have no special abilities in that way, should be advised to 
take up some other direction of engineering work for which they 
may have ability. It would be as great a disaster if all of the 
engineering ^profession were engaged in research, as if none of 
that profession were engaged in research. 

^ It seems likely that any electrical engineering student, who is 
interested in experimental investigation, may profitably spend a 
year in postgraduate research after completing his regular four 
yeps of professional study, and that there is no danger of his 
being too much specialized by such a postgraduate year of re¬ 
search, even although his subsequent commercial work should 
be directed in entirely different lines. This is for the reason 
that any and all of the problems that present themselves to the 
engineer may properly be dealt with in the scientific attitude of 
mind of the research investigator. On the other hand, however, 
if a student expects to enter engineering work in other directions 
than that of research, it is probably undesirable for him to s|Dend 
rnore than one year in postgraduate laboratory work, even 
although he may be attracted by such work, since a prolonged 
period of laboratory training may tend to specialize him too 
highly in a direction different from that of his expected career. 

In the same way, men who are not attracted by experimental 
work in the laboratory should take up practical engineering work 
immediately after graduation and not attempt postgraduate 
ekctrical laboratory study. It is fortunate that engineering 
offers activities for great varieties of talent, such as salesman¬ 
ship,^ design, construction, operation, invention, administration, 
and investigation, so that only the men who have special abilities 
in the last named direction should be encouraged to specialize 
that way. 


The graduating thesis of a student is an excellent means for 
estimating his aptitude for research work. As is well known, 
there m*e various kinds of undergraduate theses, such as stati 
tical theses, design theses, machinery-test theses and experi- 
rnental theses. If all of these types of theses are left open for 
the students selection,^ it is likely that only those who have 
some natural ability for investigation will select the experimental 
thesis,^ which affords an excellent test of his student powers in 
th^ direction, as well as providing him an excellent opportunity 
to develop thern.^ Dr. Sharp is undoubtedly correct in pointing 
out the desirability of a tertium quid, or a third alternative, for 
junior industries who may want to conduct research, namely, 
the special testing laboratory, which offers its services and 
lacilities for particular commercial investigations. It seems 
likely that this type of laboratory will show a marked develop- 
ment in the future, perhaps through the work of research con- 
sultants, that is to say, a junior industry not having a laboratory 
0 its own, but desiring to carry on some technical research for 
developing its mamffacture, would be likely to call in a research 
consultant, who might employ the facilities of the commercial 
laboratory with great advantage. 
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Prof. Karapetoff has very properly pointed out the need of 
correlating the research investigations of the various colleges, 
technical schools and laboratories, whereby unnecessary redu¬ 
plication of work may be avoided. In the past, electrical engi¬ 
neering colleges have naturally tended to make investigations 
along somewhat parallel lines. It would seem that any special¬ 
ties which may be developed in particular laboratories should be 
encouraged, and recognized for the mutual benefit of all; so that 
a research specialty in any particular laboratory may be recorded 
as an asset, not only to that laboratory, but also to the whole 
engineering profession. 

We will probably all agree with Professor Pender that if the 
industries demand a certain number of technically trained re¬ 
search graduates, such men, picked from the graduating students 
for their apparent abilities in this direction, as indicated by 
their theses, should be given an additional postgraduate year of 
lalooratory work, and that industries may well realize that it is 
to their advantage to provide special scholarships in the colleges 
for enabling such postgraduate work to be carried on. Such 
scholarships, if unhampered by restrictions, would accomplish 
good work for the students, for the industries and for the colleges. 

Capt. E. B. Craft: It does seem to nie in the material brought 
out there is a practical agreement of ideas and that there is a 
demand for researchers. I personally can attest to that fact, 
and the only place we can look to for our supply is the university 
and technical school, and we only hope that these expert men 
will be forthcoming. 




J^resented at the 333<i meeting of the American 
Institute of Electrical Rngineers, Philadelphia, 
Pa., October 8, 1917. 
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INDUSTRIAL RESEARCH AND ITS RELATION TO 
UNIVERSITY AND GOVERNMENTAL RESEARCH 


BY C. E. SKINNER 


Abstract of Paper 

1, Introduction emphasizing the great activity in all branches 

of research at the present time. . . . • • i 

2. A division of research activities into three principal classes, 

university, governmental and industrial. . . 

3 A statement that the principal function of universit\ 
research should be to train research men and some suggestions 

“i° of 

which has to do with such things as the development and con 
servation of our natural resources, the ^hole 

promotion of those things which are for the 

people.^ brief description of the Research 

house Electric & Manufacturing Company, its nse and its rela 

“°e. d.*.bili.y of co..p.r.ti.n .!■ 

agencies engaged in research. 

ESEARCH has been defined as “diligent protracted investi- 
rV gation, especially for the purpose of adding to human 
knowledge.” If we accept this definition we find that it covers 

an extremely wide field of activities. It ^ ^ 

the work of the pure scientist, whose pnmary am extend our 

knowledge to the remotest bounds of the univer e, ° 

work of the industrial chemist, who_ by 

analyses maps out the limits of lie possi- 

in a manufacturing process, between these 

bihties for research in every 

applied science so closely interlinked^ a i 

where the one ends and the other begins. knowledge in 

That there are possibilities of research today, 

innumerable ways, is evidenced by th research in all its 

Never before were there so many m ^ 3 af .^rork to 

branches; never before were there ormn before 

promote research. ®“l°“goessary that research be 

the war now in progress, made it necessa y 
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carried on in almost every field of endeavor. The war has 
emphasized this necessity many fold. Many industrial cor¬ 
porations which were not provided with research facilities 
heretofore are making such provision and many of those having 
such facilities are making considerable additions, both for 
mcreased amounts and for an increased variety of research. 
Research departments and scholarships are being provided for 
m universities and colleges. Commercial research laboratories 
are eing promoted to serve groups of industries where individ¬ 
ually they cannot economically provide their own facilities. 

cientific and engineering organizations are appointing research 
committees, and research organizations, such as the National 
Research Council, are being formed. We have research provided 
tor by private gifts and by governmental grants. The Federal 
Coyemment is constantly increasing its research facilities in its 
various departments, such as the Bureau of Standards, the 
Bureau of Mines, the Forest Products Laboratory, the Agricul- 
ura xperirnental Stations, etc. This movement is not only 
national; it is international. Commissions from abroad have 
studied research conditions in the United States and the United 
ates ave sent men to our Allies to study their progress in 
research in connection with the war. For the immediate present, 
progress in pure scientific research is perhaps much less than 
pnor to the war, but neyertheless the status of research today 
IS a comlition of great activity. The slowing up of pure scientific 
researc at this time is due to the fact the workers the world 
over are in a very large measure engaged either in actual warfare 
or in research in connection with problems arising through the 
war.^ Fortuna,tely for the future, many of the results of these 
war investigations will be of great value in connection with the 
peaceful pursuits to come after the war. 

What vast fields for investigation are opened up by the prob¬ 
lems relating directly to the war! These are physical, chemical, 
e ec rica . rnetallurgical, physiological, psychological, mechani- 
ca medical, problems of undersea noises, problems of high 
altitudes, problems in wave propagation, problems in medicine, 
m surgery, food values, agriculture, transportation, and a host of 
others. It is merely the hundredth repetition to say that the 
present war is one of scientific methods and machinery, but this 
repetition emphasizes the place which research now necessarily 
occupies and will occupy after the war. It should be of value 
therefore to discuss some of the phases of the problems of research 
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as a whole and especially industrial research and its relations 
to other lines of research. 

For the purpose of this discussion, research may be conven¬ 
iently divided into three,—possibly four—general classes; this 
division depending upon the agencies involved and the purposes 
for which the work is done. These are university research, in¬ 


dustrial research, and governmental research,—and possibly 
philanthropic research. The first includes the pure scientific 
research, which naturally finds its home in the universitj^, and 
all other research done there for the purpose of training men. 
The second includes all that done by industrial concerns or for 
them with the purpose of advancing industry. The third in¬ 
cludes all that carried on by the Federal or the State Govern¬ 
ments for the purpose of benefiting the people as a uhole. 
Philanthropic research differs from governmental only m the 
fact that its funds are provided by individuals, instead of by the 
Government, as for example the work of the Rockefeller founda 
tion. No sharp dividing lines can be drawn between these classes^ 
They all have much in common. All should be scientific. Much 
industrial research is philanthropic, and many times university 
research leads to industrial progress. Governmental research 
is for the purpose of serving the whole people and it therefore 
does much for education and for industry and certainly could be 
classed as philanthropic. It is just as difficult, therefore, sharply 
to maintain these classifications as it is to maintain a clear-cu 
distinction between pure and applied science, as as 
discussed by Past-President Carty in his 

It may be well, however, to consider something of the P^m > 
function of each of these four classe. 
their relation to each other. The discussion ™ 
naturally will be from the viewpoint of one whose exp 
wholly within the field of industrial researc . qIiohIH be 

The primary function of the 
the trafning of research men. If ^ 
introduction of this paper are accepted, then t 
men with the broadest and best training possible are -oin to 

Squired in ever increasing o 

the work. It is self-evident that 

these men must be gotten in the enow 

should be equipped to turn out research men 
equipped to turn out men with d g 

It is to the university we must look for the oroa 
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training so necessary in research. These trained men will in 
accordance with their training and their fitness find their places 
in pure scientific research, in industrial research, in govern¬ 
mental research and in teaching positions where more and more 
research men are to be trained. In this connection it is rather a 
sad commentary that the university has not been able to make 
its teaching positions more attractive by providing compensa¬ 
tion more in line with that obtainable in other lines. While 
writing this paper, its author received letters of inquiry for 
several men for teaching positions,—some in connection with 


research with specifications which could be met only by men of 
considerable experience. The compensation named was very 
much less than that which meeting the same specifications could 
command in other lines. While it is generally understood, at 
least by those outside the teaching profession, that it has many 
compensations, such as short hours and long vacations, the 
average salary is certainly not one of these special attractions. 
We have splendid endowments for buildings and sometimes for 
equipment, but we have practically no endowment for men of 
genius who might make notable progress in pure research and at 
the same time serve as teachers and examples for the training 
of men for the whole field. If it takes a genius to recognize a 
genius yet undeveloped and properly to stimulate and direct 
that genius, how necessary it is that we place men of genius at 
the head of the research departments of our universities. A few 
are already so equipped, but this is a plea for a larger and a 
more definite program of research training and the development 
of that judgment which will be able to direct these trained men 
to the line of work for which they are best suited. 

In training research men, the university will naturally become 
the custodian and the promoter of pure scientific research. 
Properly equipped and properly manned, here as nowhere else 
can go on with^ever increasing acceleration that wonderful work 
ea mg to the discovery of new elements, new laws and new 

u studies can be made of phenomena 

Mch are of absorbing interest, but which apparently have no 

stodSfoT It is here that we must look for 

Dow^ nf TJ photoelectric effect, the penetrating 

emanation! gamma rays, the character of the 

orerstu2f-^ f ^ thousand 

edee of thp ^ ^ value in advancing our knowl¬ 

edge of the unknown. All have value in the training of men and 
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it may not be too much to say that all will ultimately be of value 
in advancing the well being of the human race. Contact with 
pure scientific research of this kind is of the utmost value to the 
research worker in whatever field if for no other reason than the 
stimulus it gives his imagination, and a research worker without 
imagination is sure to be a failure. 

In the training of research men facilities and problems must be 
provided and the question arises as to the relation of these 
problems to going industrial problems. One should not be 
dogmatic on the subject, but the following suggestions may be 
worth consideration and discussion. Training should be aimed 
first at a broad general education. This should be such as to 
give culture as well as a thorough grounding in general science. 
Specialization should begin only after the broader foundation is 
laid. This specialization should be aimed at developing the 
research spirit, which is simply a desire for knowledge of the 
truth. To this end problems should be set which will develop 
the latent abilities to observe facts and to overcome obstacles. 
For such training the exact problem matters little just so it is in 
the field of chosen endeavor. It may be of a highly theoretical 
nature with no 'possible immediate industrial application. It 
may be for the establishment of a law, the proving of a principle 
or the finding of the limits of a known law. It may be a very 
restricted problem, as the proving of a single phase of one other¬ 
wise well worked out. The problem should be so chosen that 
the really essential apparatus is available for its solution or the 
problem should require that the necessary apparatus be devised. 
It is really curious to see the attitude of different men with regard 
to apparatus when a problem is set for solution. At the one 
extreme a worker will demand the most elaborate and accurate 
apparatus known to the art before he feels that he can begin his 
work. At the other extreme the worker uses whatever means 
are at hand or devises crude makeshift apparatus. The former 
is interested more in his apparatus than in his problem; the latter 
more in the principles involved than in the finish of his instru¬ 
ments. Both may fail,—the first due to too much elaboration of 
method and apparatus and the second due to the use of apparatus 
not adequate for the purpose. A part of the desirable training is 
therefore the training of the judgment as to how little and how 
simple apparatus can be used and still cover all the necessary 
points in research. The maximum of success often comes to the 
worker who uses the simplest apparatus both as to the time 
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required to get results and their values. It is of course im¬ 
possible in many cases to get the required results without the use 
of the most accurate and delicate apparatus available. Larger 
and more accurate telescopes make new discoveries possible and 
more sensitive oscillographs give accurate wave forms whose 
existence would not even be discovered by less sensitive appara¬ 
tus. 

Industrial research problems cannot as a rule be given over to 
university research departments for solution. There are man 3 ’' 
reasons for this,—the patent situation being one of the j^rominent 
ones. So long as industry depends so much upon patents or upon 
secret processes for the protection of its business it must carry 
on its vital research within its own laboratories and under its 
own control. Many industrial problems are also so closely 
related to the work daily being performed in producing the par¬ 
ticular commodity that any research in connection therewith 
must be done on the ground and by men familiar with all phases 
of the problem. 

There are, however, many problems which could be turned 
over to university research laboratories for solution and these 
would be very valuable for the training of men for the industry. 
These are problems having to do with such things as methods of 
measurement or fundamental laws such as the laws of heat 
transferences or the laws of hysteresis. 

There should be much closer cooperation between the uni¬ 
versity and industrial research. Industry should recognize that 
It must depend primarily upon the universities for its trained 
research men and cooperate to the fullest possible extent to the 
end that properly trained men be turned out-. Pure scientific 
research should be recognized as the legitimate held of work of 
e university. The application of science to industry should be 
recognized as the held of the industrial research organization 
and It should be realized that no sharp dividing line can be drawn 
e V een t e two. The university should do research primarily 
to tram men, and the industry to ensure dividends to its stock- 


industrial research mainly in the 

t d^^^cted by the Government and 

Its results should therefore be directly available to all the people. 

fomirrj " the devel- 

ald the resources, the national defense 

and the establishment of standards of weights and measures. 
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Much governmental research is undertaken for the benefit of 
industry in general and its methods and equipment are neces- 
sai'ily much the same as those used in connection with industrial 
research. Like industrial research, it must look to the university 
for the training of its men. As in industry the present war has 
brought very greatly increased demands on our governmental 
research departments and has also shown the desirability of 
increased cooperation between all the forces having to do with 
research, both at home and abroad. Here again it is difficult to 
draw a sharp dividing line between the work to be undertaken 
by the Federal or the State Governments and that which should 
be left to industry or to the university. It is safe to say, how¬ 
ever, that as in other lines research carried on by the Govern¬ 
ment will increase in amount and in the kinds of work under¬ 
taken, and that, further, there will be increased cooperation 
with other agencies carrying on research. 

While philanthropic research has been mentioned as a possible 
class, its function and relation to the other classes mentioned 
are so obvious that it will not be further discussed here. 

Industrial research has been described as having for its primary 
function the securing of dividends to the industry. Fortunately 
for those engaged in it, its ideals can be just as high as those of 
pure scientific research, for its work usually results in direct and 
lasting benefits to mankind. This is certainly true of those 
researches which have given us commercial wireless telegraphy, 
transcontinental telephony, half-watt incandescent lamps, giant 
turbo-generators, modern tool steel and a host of other things. 

No single description will apply to the rise of research depart¬ 
ments in different industries. In the older industries, the early 
work was usually carried on by more or less rule of thumb 
methods” with a certain amount of experimentation directly on 
the product. Later, test laboratories were established, and 
finally these were either combined into a research department 
or a separate and distinct research department was formed to 
take care of the necessary research work. In many of the 
newer industries, the foundation on which the industry has been 
built is the result of research, and in such cases research work is 
almost always continuously maintained throughout the Me ot 
the industry* This is particularly true of our chemical and 
electrochemical industries. 

In most industries having research departments, we can trace 
their rise from the beginning of the work, even though done 
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under the guise of test work, and experimental work and without 
any thought of its being research in the sense of the present use 
of the term. This is particularly true of the specific industry 
and organization with which the writer is connected. 

It is impossible to describe the rise of research in the Westing- 
house Electric & Manufacturing Company without giving some¬ 
thing of the part taken in it by the great founder of the com¬ 
pany,—Mr. George Westinghouse. A critical study of his life 
work will show that he personally carried on research of a very 
high order and in many fields. In his personal work, however, 
Mr. Westinghouse rarely used ordinary laboratory methods. 
His experimental work was done full size scale. If he was in¬ 
terested in a rotary engine he did not build a model, he built an 
engine to suit the commercial conditions he had in mind. If 
interested in the development of producer gas no mere laboratory 
experiment would suffice; he built a complete producer gas plant. 
His work on the development of air brakes, switches and signals, 
the steam turbine and many other devices was all conducted in 
the same way. He was an experimental rather than an analytical 
research worker. He undoubtedly had many failures in his 
experimental work, but the commercial success of the companies 
which bear his name shows that in the end the balance was very 
greatly in his favor. The foundation of each was largely his 
own personal work. This type of experimental work to be 
successful requires a breadth of vision, a soundness of judgment, 
an optimism and a dynamic energy to carry it forward, which 
are possessed by but few men. Without these qualities so 
abundantly possessed by Mr. Westinghouse, research work done 
in his characteristic way is more liable to lead to failure than to 
success. Throughout his active life Mr. Westinghouse always 
had in hand a number of investigations of the type referred to 
and only those who have had the good fortune to work in close 
contact with him can appreciate the amount of thought, energy 
and attention to detail which he gave to all of his experimental 
work. It was characteristic of him that he so drove his work 
that he would get results in days where the average worker 
would require weeks or months. 

He early recognized the merits of the alternating-current sys¬ 
tem of distribution and personally gave much attention to its 
development in the formative period. This system he pushed 
to a commercial success, overcoming all obstacles including 
attempts at legislation against the use of alternating current in 
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niatiy states. Not the least of his triumphs in connection with 
this system, was the lighting of the World’s Columbian Exposi¬ 
tion in 1893 using a type of incandescent lamp necessitated by 
the patent situation which was considered by nearly eveiy one 
familiar with the subject as a hopeless substitute for the then 
accepted type. The modern history of alternating current and 
its place in the electrical field today is too well known to merit 
further comment. 

At a very early age Mr. Westinghouse became interested in 
the rotary engine and he carried on experimental work in the 
development of the rotary engine continuously for many years 
until the advent of the steam turbine. He immediately recog¬ 
nized the merits of the turbine principle and casting aside the 
work of half a lifetime on the rotary engine he at once trans¬ 
ferred his allegiance and his energy to the steam turbine, with 
the result that the steam turbine has become the predominating 
prime mover in connection with the use of steam today. e 
was the first to combine the alternating-current generator and 
the steam turbine in large units,-these being the 
the giant 70,000 kv-a. turbo-generators of today. 
may be said that the development of the 

prelent state of perfection is perhaps one of the most no bl 
pieces of research work in modern times and the^ 

result is the combined work of many mm s, v y q 

initiative can be ascribed to the , mbt „enemtm 

Westinghouse. Both the steam turbine and turb g 
are so different in type, construction and all 
from the reciprocating 

that all previous of ventilation, insula- 

metit of these machines. Th p -Uori to he studied 

tion, stresses in materials, and many o ers 

from entirely new , ^™g p,irpose of studying the 

10,000 kv-a. have been built for the sol p P 
best method of ventilating turbo-genera or Westing- 

While much lecearch of the kmd “"'f “ 
house is still necessary in^ the of all the data 

product it is coordinated wit laboratory, the 

available and supplement y early recognized as a 

factory and the field. The hd several were 

necessary part of the ®’^Sineermg q P 

provided for different purposes in ^ich muA 

The present organization has resulted from 
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these laboratories and certain other activities into a division 
of the engineering department to which additional facilities for 
research have been added from time to time. Being a part of the 
engineering department and working in close cooperation with 
the works department the organization provides for the most 
intimate possible contact with the problems and requirements 
of the business and for the most direct applications of the results 
of research. 

The research division is divided into sections and embraces 
work from the purely theoretical side of the problems presented 
to the practical application of principles and materials in the 
factory and in the field. It has under its control various labora¬ 
tories, such as an electrical laboratory, a process laboratory, a 
molded-material laboratory, a materials testing laboratory, a 
chemical laboratory, a ceramic laboratory and a more recently 
acquired research laboratory proper especially set aside for the 
work of a more theoretical nature. This latter laboratory has 
provision for studies in organic chemistry, electrometallurgy, 
metallography, illumination, general physics, electrochemistry, 
insulation, etc., etc. The theoretical and the practical research 
men while in separate sections of the same unit work in close 
hamiony. The result of a theoretical research, such as the pro¬ 
duction of a new device or material or the application of a new 

principle, can be tried in a practical way in another section of the 
division. 


The division does all the engineering in connection with the 
purchase of materials and carries on the experimental work in 
connection with the establishment of shop processes. The men 
working on materials’ specifications keep in the closest possible, 
ouch with the method of production of these materials, their 
^aractenstics, their engineering application and their shop use. 

e process men work between the engineering department and 
the shop in connection with processes of every sort and prepare 

^ cooperation of the shop men under 

which the process is carried out. The division has the technical 
direction of the brass foundry, the scrap recovery plant and 
he copper refinery and is thus in daily contact with the multi- 

cSrtiT problems arising in these processes. The 

control laboratory as well as the theoretical laboratory for these 
processes being under the direction of the division, the best 
po^ible cooperation between the two is ensured. 

The above clearly shows that the division has been so organ- 
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ized that it can be a leader in the development of new things and 
at the same time keep in closest possible touch with their applica¬ 
tion and use. Problems for solution come to it from every possible 
direction and not the least fertile source of theoretical problems 
is the grist of troubles from the daily routine work in the factory. 
We believe that the research division should both lead and follow 
the practical end of the work. There should be work going on 
which has for its object the securing of information or the per¬ 
fecting of devices which will be required in future years. At the 
same time old processes should be improved, old devices should 
be reviewed and new treatments should be provided for old 
material. Research should lead, should follow and should 
parallel engineering and factory work. Many times the results 
of researches cannot be taken advantage of at once and there 
should be a constant accumulation of information available 
when it is needed. No research can ever be considered as com¬ 
plete, Each new advance in contemporary lines, whethei new 
instruments, new materials, new methods, new applications or 
new laws, will make further advances possible though not always 
profitable. 

What of the future of industrial research? What lines will be 
profitable? Should there be greater centralization and greater 
co-operation between industrial, governmental and university 
research ? The answers to these questions might well be given 
with counter-questions. What industrial subject is so far 
advanced that further advances are impossible? If co-operation 
is profitable in a single corporation, why should it not be piofit- 
able between greater forces. It should be evident from what has 
gone before that the writer believes implicitly in a constantly 
increasing field for research in every industry. If we can show 
advances in any material or process or device by proper research, 
why should not every industry profit by research. It is not 
expected that every individual study will be profitable nor 
that every successful result can be at once applied, but careful 
painstaking and persistent research should benefit any industiy. 
It is expected of course that the research undertaken will have 
a direct bearing on the particular industry and not be a study of 
some unrelated subject. It would hardly be profitable for the 
steel industry to make an elaborate study of the- life history o 
the yeast plant, but the progress in alloy steels has so profoundly 
changed many industries in the last few years that further 
research in this line will surely be of value. 
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It is probable that more and more industries will establish 
research departments or enlarge their research work (often car¬ 
ried on under some other name) and that these will in a large 
measure for the present work independently of each other. We 
must expect competition in this line as well as in other indus¬ 
trial lines. We may confidently predict, however, that we will 
have an increasingly better general cooperation of all research 
forces and such agencies as the National Research Council, 
which bring together for a common purpose men engaged in 
every phase of research, should have a profound influence on 
bringing about this cooperation. If such organizations are a 
benefit in times of national stress and need, surely they can be of 
similar value in times of peace. The university, the government 
and industry each has its distinctive field and each needs the 
cooperation of the others, and only when we secure complete 
cooperation among all these forces can we make our best 
advances as an industrial people. 
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Discussion on “Industrial Research and Its Relation to 
University and Governmental Research,” (Skinner), 
Philadelphia, Pa., Oct. 8, 1917. 

B. A. Behrend: It gives me particular pleasure to be able to 
discuss Mr. Skinner’s paper. For ten years I have been closely 
associated with, him, and I merely want to add my voice in 
praise of the most interesting paper which you have heard Mr. 
Skinner present this evening. 

Mr. Skinner said that “the development of the turbo-generator 
to its present state of perfection is perhaps one of the most 
notable pieces of research work in modern times.” It has oc¬ 
curred to me, therefore, to devote fifteen minutes of your time 
to describing in some detail the steps and the process thi ough 
which the turbo-generator has reached its present development. 

I hope you will overlook any personal note or touch of egotism 
as I am relating the work with which I have been associated and 
which I have directed for the past fifteen years. _ 

In 1902 the first radial-slot turbo-generator was designed at 
the Bullock works in Cincinnati, a unit of 1500 kv-a 
at 1500 rev. per min. This unit was later exhibited at Sk Louis 
where it received a Grand Prize. It is interesting 
comparatively small changes have been made n the -vital 

features of design, and that it has becorne Prototype adopted 
by all manufacturers of the entire family of 
today, which differ in no material degree from this earh bpe^ 
The following enumeration will give ^dea of the most saiien 
new problems which were encountered and in nhich researc 
till cl resourccfuliicss li3-d. to be dovolopcd. 

niltls clear that a unit of small diameter and large capacity 

To aggravate this condition, the air passages 

differences in diameter inside in the flow of 

restricted and tend to the • therefore did not 

air. The most successful earlier machines, t^retom, 

circulate the air through the coies . A, tMoiwh the 1am- 

at the bottom, circulating it A' ton. In later 

ina-tions, and letting the heated air ®sc carrying 

designs, it has been possible to ...pccfiil results have been 

out the air radially, -while equa F i^g in the stationary 

obtained by passing the air trough axial 
punchings.. Theworlung out of ^^^ 

of ventilation required a^ch tn ^ quantity of air 

state of the art, it_ requires q 

equal to the full weight of the tu ^ In^other words, if 

the machine every forty to sixty oaa ooo pounds, 150 tons of 
a large turbe-generatOT “"1 T,T a Me leas “San an bon,,, in 
air have to be sent through , j py losses. How im- 

order to carry off the heat genemted hy tke Jo ^i, 

portant under such circumstances it appears i 
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through in such a manner that part of the heated volume of air 
does not return into the circuit, and how carefully the flow of 
air should be guided so that obstacles in its path do not produce 
aerial eddies, is obvious. On the other hand, there was nothing 
at the time this problem had to be solved by the engineers to 
guide them in their designs. It is true that in 1868 the great 
Helmholtz published a solution of the hydro-dynamical problem 
of the flow of an incompressible perfect liquid past a barrier 
placed at right angles to the direction of flow, and thus laid the 
foundation of what is now called the '‘Theory of the Discon¬ 
tinuous Stream Line.” (Fig. 1.) Kirchhoff and Lord Rayleigh 
developed this theory?' for the case of the barrier forming an angle 
with the direction of flow, (Fig. 2) indicating that behind the 
obstacle exists an area under pressure in which there is no flow. 
In the practical problem of the flow of air, which is a viscous 
fluid, this otherwise calm area becomes the seat of violent eddies, 
which carry back into the system the heated portions of the air 
which should have been carried out. It is not unlike the 



disastrous condition existing in so many of our cities on the 
Great Lakes, in which the sewage from the city becomes a hydro- 
dynamic sink, whence stream lines radiate towards the intake 
crib of the water supply. As we all know, this has been a veri¬ 
table Minotaur of typhoid fever, to which we have sacrificed so 
grievously through the years. 

But even the numerous experiments conducted by Eiffel, 
Langley, and others in connection with the development of the 
aeroplane have aided little in the practical improvement of the 
lan construction and the ventilation in large turbo-units. Never¬ 
theless, here is a field in which the practical engineer should 
receive aid from the theoretical student, to whom he applies so 
often for bread only to receive a stone. 

(2) The mechanii^l strength of the new rotors was a matter 
of much thought Penpheral speeds of 10,000 ft. per min. were 
consi ered high, but they had to be doubled at a stroke in order 
to meet the new conditions, and this at enormously increased 

V j, early turbo-generators to which 

I reter, the mass of an ounce produced a centrifugal force equal 
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to one ton. It will give you an idea of these peripheral speeds 
when you realize that the distance from New York to London 
could be traversed in twelve hours at this rate. Referring to 
the balancing of the completed rotor, it is now amusing and 
interesting to remember that it was not possible to induce the 
mechanics to approach the rotor while rotating at full speed in 
its bearings, and the present speaker balanced the first units 
referred to. Later, a sense of confidence developed among the 
machinists. The stresses in rotating bodies and the requirements 
of the material were all new problems. Approximate ideas could 
be obtained for the stresses in toroids and hollow cylinders. 
From an examination of the numerous mathematical solutions, 
a most confuvsing result became evident. The great Clerk 
Maxwell himself had examined this case, finding the stresses a 
maximum at the outside circumference. Prof. Carl Pearson 
pointed out that there was an error in these conclusions. My 
associate at the time, Mr. H. A. Burson, and myself then tried 
to work out an approximate solution, the results of which are 



graphically shown in the accompanying diagrams published here 
for the first time. We first attempted to apply the beautiful 
mathematical analysis of Barrd de St. Venant and of‘Lord Kelvin 
to this problem, but we failed on account of its complepty. 
Fven now, Dr. Chree of Cambridge has not succeeded in giving 
a correct solution of the stresses in a rotating disk. The ele¬ 
mentary solution which we obtained, complex as it seems, is yet 
simple and clear, but it requires for its accuracy the assumption 
of a system of forces on the boundary planes of the disk which 
do not exist in reality. Dr. Chree’s solution, which is extremely 
complicated and quite useless for practical purposes, also involves 
the existence of forces which do not have reality. 
decided to submit to test our problem, as we reasoned that the 
lateral deformation would give us a clew to the I'^dial an 
tangential stresses of the disk. We selected lead disks whic 
we spun in a cast steel motor housing, which acted as a bomb 
proof The results of these experiments bore out our anticipa¬ 
tions completely. We found that the disk thinned out in the 
center, the material flowing to the outside, showing the maximum 
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stress in the center of the disk where the radial stress equals the 
tangential stress if the disk has no hole at the center. If the 
disk has a hole at the center, our theory and our test showed the 
tangential stress to be doubled, which is natural as there is no 
radial stress to help share the load. Figs. 3 and 4 illustrate 
these results. These results led us immediately to the following 
conclusions of tremendous importance, which have become the 
base 01 the testing of materials. All test bars have to be taken 
trom the material in the direction in which the stresses occur, 
and It is futile to make indiscriminate tests on bars removed 
indiscriminately^ from the material. In other words, if hollow 
rorgings or castings are to be used for turbo-rotors, test bars 



tangentially from the material and 
if TVQc oi I-• niany years after these experiments were made, 

convince the engineers or the testing 

followed T ® procedure had to be 

due tn ^ record it as one of the important achievements, 

i “ "»» recognized 

that^metflf^^'^^id showed that it was of primary importance 
that metal should be able to flow. In other words that the 

th5Ta?tor?wtM? materikl are not 

wor? ^It usefulness for high speed 

s the ductility, namely the percentage elongation 
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Fig, 4—Deformation and vStrain 
Chart of Rapidly SpiNNiNG Disk 
AND Toroid 

Figs. 1, 2, 3 to 10 indicate initial inside and 
outside radii of disk before deformation. These 
points by virtue of the strain distribution 
travel along the dotted lines according as the 
inside radius of the toroid is small or large. 
The disk or toroids develop concave surfaces 
as boundaries perpendicular to the axis of spin. 

The theory makes the cylindrical boundary 
generated by a line parallel to the axis of 
rotation, while in reality the generating line is 
a curve with its center on the line of symmetry, 
making a convex surface for the disk 
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and the reduction of area, 
which determines the fitness 
of material. We demanded 
for the nickel steel disks 
which we used 25 per cent 
elongation, 40 per cent reduc¬ 
tion of area, 50,0001b. persq. 
in. elastic limit, and 75,000 lb. 
per sq. in. for the ultimate 
strength. Disks were made 
2.25 in. thick in the armor 
plate department of the Car¬ 
negie Steel Company, at 
Homestead, in 1907, under the 
speaker’s supervision, and 
under the personal direction 



of Superintendent S. S. Wales 
and Managing Director A. R. 
Hunt of the Carnegie Steel 
Company, to whose patience 
and skill were due the remark¬ 
able results obtained. From 
these disks, strips an inch or 
two wide were taken and bent 
under the hammer or the 
press flat upon themselves, 
showing no indication of 
seams on the outside, although 
the hole at the center (Fig. 5) 
was only large enough for the 
size of a knitting needle, an 
instrument with which we are 
now all acquainted. _ 

(3) For the retaining end 
rings which support the rotor 
coils, an entirely new material 
had to be developed. It was 
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found that by treating the nickel-chrome armor-plate steel, which 
f°’'.^'^ftility, a material could be obtained with 
100,000 lb. elastic limit, 125,000 lb. ultimate strength, 22 per cent 
elongation, and 40 per cent reduction of area, which bent beauti- 
tuhy cold upon itself, and whose only drawback was its high 
magnetic permeability. Such forgings were made for us fourteen 
ptfm William Armstrong, and later by the 

Bethlehern Steel Company, under the able direction of their 
metallurgist, Mr. Edward O’Connor Acker. With these new 
materials, an entirely new era of safe construction has been 
enteied leading to a discard of the use of cast steel and unreliable 
™ which internal stresses are unavoidable. 
(4J _ The design of the plate rotor as shown in Pig. 6, thus took 
^ understanding of fundamental phenomena, 
a the rotor in such a manner that no hole was 

required fw the shaft, bolting on the ends has been a complete 
success The construction follows the idea presented in^ the 
steam turbine of that creative engineer De Laval, to whom we 
owe so much in connection with the advancement of engineering 
thi iiii the development of the electrical part of the generator, 
caused by eddy currents generated in the 
gs. The^ subject was most ably investigated by the 
speaker s long-time associate, A. B. Field, A. M., Cantab By 

anlflfrif problem powerful mathematical 

f’' ^ ineans and ways to deal with the ex- 

melj important problem of reducing the eddy current losses, 
anna up our labors in the development of this piece of 

apparatus now so essential in the engineering life of the world 

our applied to 

of thia upon which the defence and safety 

little It IS with regret that I have to record how 

meJi of fhefr consultation with scientific 

nity tor aid to be rendered the engineer by those who know 

aid h^^SefS ri than he does, but little of that 

aia nas been forthcoming. On the other hand, such men as 

tI Pphtfel'-Shaw, Prof. Homce Lamb s“ 
Joseph John Thomson, Prof. Perry, Prof. Blondel Prof Bouasse 
represent investments to their nations which cannot be counted 
ven in rnillions of dollars. This nation must not become de- 
mt 1;hl scientific thought of others. With- 

investibSbfwb- thought and 

im estigation, the cultivation of science, and the theorv of 

and intemst thS LScise 
mh^ently upon some minds; without the realisation of the im 

CO investigation, without the appreciation of such almost obvious 
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premises, we cannot attain the scientific eminence which is the 
glory of England and of France, and the source of human in¬ 
dustry, and which we should covet for the greatness of America, 
our country. 

V. Karapetoff: I will say a few words regarding Mr. Skinner’s 
proposed course on the ethics of employment. We teachers' 
hear so much from practicing engineers—“Why don’t you teach 
the ethics of employment? “Why don’t you teach your stu¬ 
dents to do a soldering job decently':’’’ “Why don’t you teach 
the theory of determinants? That is really the most important 
thing in our work.” These unreasonable demands come from a 
lack of conception of what college life is. A prominent educator 
has well said; “School must not be a preparation for life, school 


should be life itself.” , . 

In the kindergarten stage we are approaching this ideal, due 
to the efforts of Mme. Marie Montessori, who has showed us 
how to arrange the child’s life in such a way that it is not a 
preparation for any future activity, but is a haimonious and 
spontaneous manifestation of child’s functions,^ abilities and in¬ 
terests “now and here.” The great problem with young men in 
college is to arrange their school life so that they live a profes¬ 
sional life in the present, and are not “drilled” for some future 
employment or future conditions. If college life could be so 
organized, and I think it could, then we would not have to teach 
the ethics of employment. The student would be employed ng t 
there in an ethical way. Every time I hear a suggestion of a new 
discipline to be taught, I ask myself at the expense of what other 
discipline it should be taught,_ because the time at our disposal 
for teaching various things is limited. _ 

Another of Mr. Skinner’s statements also impressed me—he 
said that the primary function of the college is 
and the primary function of an industry is to eain dnidends. 
Am I right about the statement? 

5' ■’ s'S ttis afternoon that it 

mJkefnceThat research subject the s.afn. rs wojrng 
on even if it be a repetition of some old experinient. lhat is no 
psychologically correct, because the element of genuine interest 
SFaIrte would be lacking. That again woMd ^ 

preparation for life—calisthenics, so to say, mental gymnptics, 
father than actual work. The ^ 

no matter how modest, and the inspiration “?%g°2rdi 

teachers, which means that the teachers mu^^do^r^sea^ A 
To inspire their students for research, th y 

”l£?rthe industry haue told us, 

Bltur-O 
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there only two kinds of research, industrial and pure scientific ? 
Is there not an intermediate kind, which out of deference to my 
colleagues I will not call impure. Let me call it semi-industrial 
research, and it is precisely that kind of research that we teachers 
of electrical engineering are interested in. We are not physicists 
nor mathematicians, so that pure research is closed to us, or 
else we would be encroaching upon other branches of university 
instruction. It is this semi-industrial research that is our proper 
field. Perhaps the most brilliant representative of this semi- 
mdustrial research was the late Prof. E. Arnold of Karlsruhe, 
who left several volumes of writings on the subject of electrical 
machinery, volumes highly prized by designers and scholars. 

• ^ rnan who combined a good ability for original research 

with the rare ability of a compiler and expounder of other people’s 
work. 


Between the Scylla of pure science and the Charybdis of in¬ 
dustrial re^arch, we teachers are forced into the middle path of 
work on the theory_ of electrical machinery and other devices, 
a subject that is neither pure physics nor industrial research. 
±Sut how can we successfully carry on this, our apportioned task, 
unless the men of the industry tell us the relative value and im¬ 
portance of different topics? The poor teacher, separated from 
the inspiring guidance of the large manufacturing and operating 
c^pames, works for example on the condition for the maximum 
efficiency of a machine, and then he hears the sarcastic remark 

manufacturing and the reliability of 
cent in more mportance than a gain of a few per 

vear nr two fellow may have wasted a 

year or two on that problem. 

I trust we all drew a valuable lesson from Mr. Behrend’s 
M^Behrend^^’^ ^ Wesson, perhaps not intended by 

leues ar?nn?'d ^ of what col- 

examnle of thn ^ ^ woeful picture and 

vSS ie Luld nn^^ ? manufacturers, out of whom for many 
^ot pull any information as to what research 

Harffid development of the turbo-generator. 

lipoid Bender. Prof. Karapetoff has questioned rnv suwes 

U --ar?hes1s wtt7whSf?n 

done^in cdlege ^ ^ theses that are 

whlrebf th?2erX have^ " afternoon, is some means 

to continue their work at talent may be encouraged 

more, pXabiy t™ ye ‘ “ ‘'^o yim 

I think, is due to the fart rliaf reason men do not do that, 
research work is also unH^r inclination for 

He has beerfonrtearst of n^ng his Kving. 

liege, it has cost him or his father 



1917] 


DISCUSSION AT PHILADELPHIA 


891 


a considerable sum of money, and naturally he does not feel 
iustified in spending two years more at his own expense, for he 
knows that if he goes immediately into active service in the 
industry, he can at least earn his bread and butter. 

If the manufacturing companies need these research men, 
they should be willing to do something to encourage them. 
Giving a man a job in a research department before he has been 
properly trained for research work is more likely to discourage 
the man, rather than encourage him. Moreover, from the stand¬ 
point of the company, this procedure is also _ uneconomical. 
Whether or not the scheme of research fellowships, referred to 
earlier in the discussions would prove economical may be open 
to question, but it is certainly worth trying. 

Oberlin Smith: I do not think that we can value too rnucli 
the immense importance of scientific research especially 
engineering lines, but what we want is a collaboration of the 
different researchers, so to speak, so that their work all comes 
together and is available, and not the present scattered knowl¬ 
edge If we take a dozen, or more, of the so-called engineering 
pocket-books, excellent as they are and want to find the tensile 
and compressible strength of steels of various kinds, Ib^e is no 
trouble in getting the information from these books. There is 
much of it which comes into play in bridge work and other forms 
of construction, and it is important that we can be able to secuie 
it at a glance. These books will tell you the tensile strength of 
cast-iron and sometimes its compressive strength, but when it 
comes to other metals, such as copper etc., there is a sad_ dearth 
of information. Some of these books give tables showing the 
tensile and compressive strength of a half-dozen or so metals, 
but they do not give many data regarding the less common 
metals, such as aluminium, silver, gold, etc. I do not know 
where you can find in these books the strength, elongation, 
hardness and annealing qualities of alloys of aluminuin, now^ so 
much used. The designers of machinery m these days, following 
along new lines, are using newer metals, like the various alloys 
of aluminum. In our machinery designing we want to know the 
tensile, comiiressive and shearing strength of many mateiials, 
not only the different metals and their commoner alloys, but ot 
hard rubber, glass, fiber and various other things. We want 
to know these little ordinary facts, and know them quickly. 

There is no question but what in our college laboratories all 
over the country there is a great deal of such research work going 
on. No doubt if we could collect it, we would find most of what 
we want, but there is no way now of knowing what one particular 
university or another has done, and many of them are dupli¬ 
cating the work done by others. What we need is some com¬ 
mittee to correspond with the laboratories of the colleges, with 
private laboratories and the laboratories of manufacUirers, o 
ascertain what lines of work they are carrying on. _ doubtless 
most of them would gladly'give information pertaining to these 
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things, thus a list of all of the items of information required by- 
designers of modern machinery could be sent out and answers 
obtained, the whole thing then being tabulated for mutual use. 

L. W. Chubb: There have been several views put forth in 
the discussion regarding the training of an industrial research 
man, and I would like to add what I can from my more or less 
limited experience with the men I have been associated with. 

I believe that the research man, with an investigative turn of 
mind, is born and that if the college educators try to develop 
such men they will develop scientific research men but in most 
cases spoil the man that has the qualification for industrial 
research. If a man specializes at college during his first four 
years he will not have the broad education that is desirable in 
solving industrial research problems. A good grounding of fun¬ 
damentals, an imagination, a physical conception of science and 
rnathematics, good judgment, open mindedness and the power 
of observation are the things to be acquired in the undergraduate 
cdlege_ course. ^ The right man will develop all in the drilling 
which IS given in the courses of the leading engineering colleges, 
after which specialization will do no great harm. 

• research differs from scientific research. In an 

industnal organization there is a greater variety of work to be 
done; there is usually a definite purpose and the method of attack 
IS necessanly more direct and practical. On account of the 
variety of probleins which arise, the industrial research man 
must have a working knowledge of several related subjects of 
science and engineering and go ahead and get a quick and orac- 
* 1 ^® problem assigned to him, rather than follow 
IS bent and work out in minute detail a problem which is of 
great interest and scientific value. It is common foTa man Tn 
the research work of an electrical manufacturer to successively 
mJiCjTSr” "“T' “ "i'^snetics, eleotro-oSl! 

metallurp, oscillating circuits, mechanics, etc., and the useful 
who keSs the nr^cf- engineering and scientific education, 

We are getting the right kind of men today from the colleges 
They have a good store of fundamentals and enough SS: 
Prnf^ knowledge to_ do good industrial research. 

Karapetoff said today that it would be attractive to the 
S %ecret”^or “Research Work Inside” 

oo.e to 
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design work, or wish to fit themselves to be electrical salesman. 
Fortunately, practically none of them wish research work at 
first. In an organized apprenticeship course, a good many men 
are placed in the Research Division and ver}^ seldom one, after 
taking up research work, desires to make a change. I have not 
a case in mind of a man who has gone into the research laboratory 
who did not like research work. The able apprentices who are 
desired as regular investigators are often sent out of the work 
again for more shop, design or te.st experience, so as to acquire 
practical knowledge which will help in their future research work. 
Other inquisitive men with imagination usually hang around the 
investigation work on the test floors, have-ideas, make sugges¬ 
tions and are spotted as good research men. 

We feel that such men, if they had taken up research work in 
college before obtaining some commercial experience, would in 
many cases be failures at industrial research, because their 
enthusiasm would narrow' their training and result in specializa¬ 
tion too early. 

Comfort A. Adams: A good deal which has been said about 
the difference between pure research and industrial research, 
and also about the education of the researcher. I must confess 
that I agree in part with nearly everything that has been said, 
but it is difficult to average it up, and get any very definite 
result. 

I think those who have not been close to the teaching profes¬ 
sion perhaps may be confused in the matter, so I am going back 
to just one very elemental, fundamental point, which is my 
hobby, if you will, in regard to education, and it applies not 
only to the training of the researcher, but also to the training of 
the engineer, or the training of the salesman, or the training 
of anybody, I do not care who he is. 

We do not send our men out from our engineering schools with 
a good, broad, all round engineering training. We try, with all 
the best intentions in the world, to fill them full of information. 
We do not, however, put our principal emphasis on the thing 
that is the most important of all, to teach a man to use his mind 
in something more than memorizing things. We do not teach 
him, in other words, the habit of analysis and the habit of think¬ 
ing for himself. We teach him superficial methods of computa¬ 
tion in regard to electrical apparatus and electrical engineering, 
without letting him know that they are crowded as can be, from a 
scientific standpoint, with other approximations of the crudest 
nature. He assumes that they are correct, and when he goes on 
to work he uses those formulas, assuming they are based on 
sound rule, and the moment he goes outside the range of the most 
elementary or standard types of apparatus, he is all at sea, and 
his results do not check up, because he is not on a sound founda¬ 
tion at all. He requires some kind of fundamental training, 
training in thinking for himself, training, in the first place, in 
the fundamental principles to that end, so that he sees the 



894 


IND USTRIA L RESEA R CII 


[Oct. 8 


plienomenon in his mind. He must have an imagination, if he 
is going to be an engineer of any kind whatsoever, research or 
otherwise, and he must have the power of visualizing these phen¬ 
omena, he must see them in more than their crowded superficial 
aspects, he must be able to go into an analysis of them. It is 
not necessary for him to have all the mathematics in the world 
to be able to handle these problems mathematically in order to 
see that the flux density across the thickness of a lamination, 
particularly at high frequencies, is about the same at all parts—^ 
he can see that phenomenon physically without any difficulty 
whatsoever if he has any power of imagination, and it is his 
duty to do that, and his duty to recognize the fact that the calcu- 
lations based on the assumption of constant density are only 
roughly approximate. That is the simplest possible explanation, 
out there are thousands of other instances, in the case of elec- 
rical machinery, where the crudeness is so gross, in some cases, 
absolutely a crime to teach a man that these things arc 
what they appear to be superficially. 

So that the important thing from the educational standiioint 
0 my mind, is not the question as to whether the colleges are 
^aching a man research work, training him to be a researcher, 
ihat IS not the important point at all, so much as whether he has 
courJpd^?r^^m foundation, has been taught to think and en- 
I encourage the students to think, 

ctn- T / teaching for twentv-six years 

electrical engineering, and have been in close 
f institutions as well as their 

;Sth^S« i ^ temptation to provide the student 

fairWeM^an'd T ’ information, which will make him 

aiiiy useful and practical the moment he goes out of the colle<Te 

SoundTin hadhe^been moreitmugWy 

SmetW pr w!/ that he has 

something at his command, which he can use, and knows how to 

ashamed of myself when I get started 
oif on this hobby, but I have checked it up in various wavs and 

I am ri-hr?nd f pyt^ing in the educational field,’that 

and ^ ^ so trained will make a good researcher 

“IS requirements for manipulative skill Pi-eluent] v a 

reiarch work ^^I^am^in^a^^hS matter of coordinating 

as unreasonabie for us to o-q in this a^qSw^*^ 

institution, without any knowledge ofwSris” 'on hffh"e 
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first institution do some work of a similar character, none of them 
doing it thoroughly or satisfactorily or completing it, as it Avould 
be for each family to get along by itself and make its own clothes 
' and shoes, and raise its own food supply, and provide for itself 
everything else that it required. We have learned to carry out 
the theory and practise of the division of labor, as society has 
developed, and there is no earthly reason why that principle 
should not be applied to this class of work. 

' Let me illustrate by a little plan of co-operation in research 
which I w^orked out for a particular purpose, for a particular field. 
There is the question, for example, of high-tension cable design, 
taking into consideration the stresses, etc. That is a question 
involving the most thorough knowledge of dielectrics and dilec- 
tric phenomena, a problem which is of the utmost practical 
importance, and our lack of knowledge of which stops our ad¬ 
vance in the voltage which can be carried on high-tension cables 
at a certain point. We have not succeeded in making cables 
which will carry more than about 25,000 volts in practical opera¬ 
tion, and we are having all kinds of trouble with Public Service 
Corporations with regard to the high-tension cables. There is a 
problem which should be tackled, not by one corporation or 
college, or one commercial industrial research laboratory—there 
is a problem which should be tackled in some such fashion as 
this—Have it financed, first, not by one corporation, but by a 
lot of big public service corporations and cable manufacturers. 
If the cable manufacturers are a little afraid of each other, and 
want to hang on each to his own little secrets, which do not 
amount to a hill of beans, let them do it. The Public Service 
Corporations alone could finance it. They could really handle it 
without touching their financial profits, because the sum_ 
each would have to contribute would be very small, indeed. 
Then let us ap'point a Committee of Research Experts, the heads 
of some of our big research laboratories, taking in our industnal 
research laboratories, our big university research laborator^s, 
and independent research laboratories, such as that oi 
Sharp is the head. Appoint that committee and let that com¬ 
mittee lay out, not a few superficial tests of cables in place, but a 
series of research operations, some dealing with the fundamental 
laws of dielectrics, some going a little further, and finalh some 

dealing with the completed cables. . ■ -j- ^ frv 

That work could be carried out at an insignificant expense to 

the individual corporation. The committee 

sionally, discuss the results obtained m these 

having the work distributed where it could be most easil}^ nan 

died. ^ Then the plans could be laid for the next subject 

to be followed by the next, and in the course of two or three 

years, because thL things cannot be done m e 

have the combined, united and coordinated efiort of ^ “ese 

various agencies, and a resut which really would amour^^^^^^ 

something, ■ and might, in all probability, 



896 


INDUSTRIAL RESEARCH 


[Oct. S 


greater than that which would ordinarily be reached in ten 
years. 

Oberlin Smith: I am glad that Prof. Adams has spoken of 
the necessity of some coordination. Of course, the members of 
this Society are chiefly interested in electrical research, the ascer¬ 
taining of various phenomena, which are not wholly known, 
etc.—but mechanical engineering is now so mixed up with elec¬ 
trical and rnining and civil engineering that we have to go to 
each other in a good deal of our work. In my opinion there 
should be a United Engineering Committee, and the United 
Engineering Building in New York City would seem to be a 
world center for something of this kind. Cannot we, therefore, 
at some time in the near future have some such a place where all 
sorts of information can be obtained definitely, and if so, v/ould 
not the United Engineering Society be the proper one to have 
various committees and sub-comm'ittees for the different lines 
of research proposed. 

The next question is, can this Institute, at this meeting, or 
some other meeting, take some initial action in the matter and 
if the United Engineering Society is the proper body to carry on 
this work, send^ a suggestion or request to them, so that some 
action of the kind rnay be taken. Most of this information 
doubtless now exists in many laboratories that have made such 
experiments, and records thereof. Students in the various 
universities, having plenty of time for research work, will doubt¬ 
less take up any class of such work if a request comes for it from 
a responsible headquarters. 

William McClellan: Industrial research is organized pri- 
manly for the results obtained from it. Incidentally it is organ¬ 
ized, of course, to develop the men in the research laboratory, 
but even there it is done for the same reason as you develop a 
man in the department of salesmanship, or in any'other depart¬ 
ment you undertake it to make the man more useful, to be a 
■ roa capable man. Primarily, industrial research 

IS organized for the results we get from it. Research in colleges, 
for anything else than the development of men, 
irrespective from what may come from it, is misplaced The 

?hrstate^orimar7i ^iven to it from 

scienb?r of advancing general and 

Son men ^ ®^^owed and funds are given to it to 

veinnea because men cannot possibly be de- 

work must go 

has^^a^rndHon papers that such and such a university 
^ j million dollars given to it, and it has gone to London-— 

P esume tdat some of them have laboratories with eight or ten 
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different sized airships, and are going to do research work. I 
think they have a misconception of what research work is, it 
seems to me that it is a mistaken idea thafresearch work is some¬ 
thing you can manufacture and make. Research, after all, is 
taking notice. That is what it is. Of course, work steadily and 
take notice. There was no difference between the research work 
of Maxwell and Ford, although you know one man’s Jesuits are 
one kind," and another man’s results are of another kind. Never¬ 
theless. they were both taking notice, each man in his own way. 

That is what I meant by saving originally that research work 
is a matter of method, and therefore, when we come to training 
for research work it is a question of stressing all the tirne tne 
absolute necessity of whatever you are doing, whatever is taking 
place, whether an old or a new experiment, or idea, and trying to 
find out if the other fellow saw everything. It is not a questmn 
of trying to see what the other man saw, but an attitude of mind 
—did the other fellow see everything, or is there something else 
to see. Then, of course, this question of method conies m as a 
matter of training; the method of doing research and the method 


of keeping the record of it. a tj.„ 

As to the training problem, what do you find. As a ° 

fact, if you take a freshman engineering class, you will find that 
the men go to the courses of that class for one hundred or one 
hundred and fifty different reasons. One man has reaii a novel of 
some engineer in the West surmounting tremendous difficulties, 
in building a railroad or transmission line, and because the man 
has read that novel he wants to be an engineer; another man s 
father was an engineer, and so it goes. They have all grades “ 
ability, and, therefore, some of them develop into one thing, 
and some into another. That is one view of it. On the other 
hand, you have a clear demand for o]peratives. Yon have go 
make the universities or colleges more or less of a success, so far 
as numbers and finances are concerned. And, as I say, 7 °^ have 
a clear demand for practical men who can go out and do some¬ 
thing. You must amalgamate that heterogeneous mass that 
comes to vou, and you arc limited in what you can do y e 
question of expense. You cannot possibly run a universal course 
and give each man individual training—take this man and study 
his case and gradually discover that he ought to go off into tl e 
mathematical-physics field, and take this man an s . 
case and gradually discover that he will never be fit for anything 
at all but to record readings of ammeters, voltmeters oi watt¬ 
meters. You cannot do that. So you are compelled to com¬ 
promise. I have long ago given up the idea of trying to tell the 
men in the educational field just what they ought to do but 
at the same time there is one fundamental thought no matter 
what else you give them, the idea of research ® 

There is no reason whatever why a man should not be trained 
thoroughly as he goes along, and, of course, as he goes along it he 
discovers, as he naturally will, or others will, if he does not. 
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^ at he has certain abilities which can be directed into certain 
activities, advantage can be taken of those abilities. It will 
likewise be discovered’that certain men have no ability in that 
particular direction. 

a moment ago, must be 
provided for the development of each of these men after they 
become acquainted with any given subject. I know, as you 
Know, that a man who cannot visualize magnetic induction, a 
man who cannot visualize the stresses and strains, a man to 
om a mathematical formula is nothing but an arrangement 
over a line and something under it, had better leave certain fields 
of research alone, but that does not mean he cannot do some re- 
s^arch work. Some of the best research work in agriculture has 
been done by the farmer who knew no chemistry whatever. It is 
an attitude of mind and method, and of course the colleges, sav of 
them what you will, must, for a variety of reasons as I have tried 
to show, compromise on this problem to a certain extent, but the 
0 ege w ich is most successful will not compromise in regard to 
f Instruction, it will only compromise, perhaps, on 
the material facilities which its building offers, in the spending 
of any limited amount of money which it has. But whatever it 
may be—whether it be as Sir. Wilham Thomson crossing the 
With nothing but his pencil and tablet, going to work at 
arious problems about the balance wheel of a watch that hap- 
pened to attract his attention, so any man, no matter what he 
*^11 i 1 that attitude of mind which leads to re- 

'degree, and some to 

a very slight degree. 

has to handle ma- 

tenal which has already been moulded by the underpaid teachers 
? perhaps because of this we find many 
students who can foUow instructions, but comparatively few of 

® research ability, probably not 

hundred, undoubtedly suffer by 
being put through a course designed to meet the needs of the 
otner ninety-seven. 

^’^S^sh language: my experience as a 
teacher has been that there is little difference in the type of 
prepared by two students one of whom has had a course 
university, but that there is a great 
between the type of work handed in by the 

thSker prepared by the slovenly 

saiT‘fl^fn^rt?f^®*^‘ J,.f as interested in what Mr. Behrend 
f t£r,t nndesirabihty of importing our scientific men, and 
conl^^r important feature which we should 

hnf mn + actual doing of work may not require science, 
but most good work, m scientific or engineering lines, is inspired 

I^shoX^^A ^ assisted by the higher developments of science. 

I should never go to Sir William Thomson, or to some great 
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atithority in a college to find out how to design, maybe, a turbine 
wheel, because I think that research is one thing, and scientific 
investigation another, in a sense; that is, the function of an 
engineer is to be just as deep as the occasion requires, and it is 
far easier to investigate a specific case than it is to investigate 
general cases. In engineering, I think that any recorded knowl¬ 
edge is seldom good enough to use, and I think that data gener¬ 
ally has to be acquired newly in every case, but the possibilities 
would not be known if the required fundamentals of science 
were not recorded. Furthermore, there is a language of science, 
and there are methods of procedure which must be understood 
and must be familiar if a man is to pursue scientific methods. 
We are in urgent need of scientific men of the highest degree of 
training, and to supply that need we have drawn very largely 
upon Europe. We have done so to such a degree I have often 
felt ashamed, that we with all of our means for acqumng knowl¬ 
edge have depended so much upon Europe for all kinds of pure 
scientific work involving calculations and involving many forms 


The^eason for this, is, I think, apparent. In this 
there has been a tremendous demand for men. There Ji^ve 
all sorts of activities, bringing rapid returns, ^J^^eas in Europe 

opportunities have been less. In at. 

through years of study in the hope that they may at 
latn f hihe^^level! and have been satisfied with small returns 
during S time. In Europe there has been an excess of men, 

whereas in America there has been "^^ESopfan S- 

and for that reason we have drawn largely upon European re 
search but some of our very best scientists and some of ou y 
bit maSal are trained in Amedcan 

““ibetmpression which I have formed concerning 
a„rhind ?s not that it it diffi^lt to aoqmre b„, thaUUs nn_ 

familiar; that is, there is ^t I atom, the ideas 

vanced theory concerning the complicated 

in which people deal in such stud es are no more ^omp 

than the ideas of simple mechani , Kg’brought in contact 

illation must form a picture, sTch exist 

with these methods, An illustration was given 

and such means of procedure exi . through the 

this afternoon of some one ^ ^be sun-^a boy who has 

calculations relating to the revo bnow the way such 

seen that done, or who has done it would^kno^ once, would 

problems have some problem of that kind to solve. 
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about in an uncertain way. There is not work enough 
“ mathematics or in the higher ranges of science for a 

fnr men in any one industry, but there is a demand 

E ^ shown, not only that they are 

rvai’h oi^ valuable that they will be 

money within reason, if they have the imagina- 
S n,fr ? scientific ability as well. I think of cases in point 
AmpnVa^^^ research laboratory. I can think of several men, 
isino- colleges, as teachers or prom- 

association with scientific men, have 
In mp I remember one of these men talked 

thflf ^ ^ came. I was struck with the impression 
vntl,. “n? yeai-s been simply de- 

varinL^ abstract principles of physics and 

JnA regarding a number of physical forces 

nut nf tT!5if peculiarly familiar with them, but 

pf^crp T fVi which might be made of such knowl- 

nlished perhaps unjustly, as an accom- 

thathAwf f as engineering was concerned, but saw 

imao-inati'n^ ^ sorts of knowledge which appealed to my 

t^l and struck me as wonderfully useful. Since that 

n^taut i Py'^^c^^.a-nd made commercial several very im- 
^ “to the world and be- 

come immensely useful. 

should not try to be research institutions, 
thev fif valuable work which 

to p-ivp ^ they should do research enough 

work science in connection with 

be hkeW fn 5° ®o“® o’^tent, they will 

thin- k m “telhgently study the laws. The important 
moSt diffinuU scientific, men who can really do the 

of them Sch VT+lf f lentific work. We cannot make all 

^ number of those discussing this paoer ao- 
four veJrTr® “^®t be developed during the 

hS'it wa™ ^ it clem in my paper 

3ter the fn,f ^ ^ u^^ specialization for research should begin 

atter the four-year college course is finished. 

few wa^duam^f ^ directing the work of a 

obieft of schools, with the primary 

Siefe?nen«ei/a^®r"''^“^?-“®" enough to 

set the remafniTa‘J-^^^K^^'^® i^i™® to the problenis we 

5- S^s^d T or to teach- 

lon.^ + pend their summers in the factory and in the 

us^when?heirol'^ is expected, of course, that they will come to 

ment ha= ^®^^® i® completed. This arrange¬ 
ment has given us some very excellent men. ^ 

searS fn ^i"® ^“^ersity must do re¬ 

search m order to teach research men. I agree with him abso- 
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lutely and if the more practical problems are desired, there are 
many which could be outlined for use in this connection. For 
example, in line with Mr. Smith’s suggestion, I would propose the 
problem of the determination of the hardness (or softness) of 
copper magnet wire. At the present time, we know of no really 
satisfactory measure of this property of copper wire—the tests 
and the judgment of the men doing the winding not infrequently 
being completely at variance. 

Again, a number of speakers, while not specifically so stating, 
seem to refer to the research man as a man of genius. iA/ e need 
men of genius, but we also need many well-trained, thorough 
painstaking observers for each man of genius. There are few 
men with really creative minds and we could not run our research 
laboratories with only men of this kind. An excellent combina¬ 
tion in the conducting of research is to assign a research problem 
to two men—one with the creative type of mind and the other 
with the mind of the painstaking observer who never loses sight 
of a point until he has accumulated every possible bit of informa¬ 
tion in connection with it. . i ^ 

I a<mee with Professor Adams that men should be taught 
principles and not filled up with information. Dynamo design 
taught in the college course usually has little m common with 
the dynamo design as practiced in the manufacturing companies. 

The question of co-ordinating research has been the subject 
of very earnest discussion in the National Research Councm 
The members of the Council, while possibly-not / 

entire field, are endeavoring to do exactly what has been su^ 
o-ested by one of the speakers, in that they are trying to co- 
iSnate research being carried on at the difterent universities 
and the different research laboratories _ It is extremely desirab ® 
that there be not too much duplication of work and that the 
^iults S fundamental research done in any one place shall be 

?LV 3 .il 3 ,bl 0 fo otbci* r6S69.rcli workers. it, + 1-10 

Professor Gray states that the schools cannot change the 

training of 97 per cent of their men / 

cent who aim to become research workers. I am entirely in 
Seement with this statement, but I see no reason why the 
li'en who have a leaning to research cannot be 

to the indtistry and to *f, Se need of trained research 

te?y^strikfngly the need of research inen in 
and we have J^e 

SSeS'tS^^thrproblem of submarine warfare alone there 
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were very many promising leads which might be followed but for 
lack of the necessary research workers and facilities. 

N. S. Diamant (communicated after adjournment): Both 
Mr. Skinner and Mr. Kennelly seem to agree that the “principal 
function of university research should be to train research men.’’ 
Now, it will be conceded that universities cannot possibly do this 
properly unless they support, encourage and produce themselves 
high grade research. Thus we find Mr. Skinner stating that in 
training research men the universities will naturally become the 
custodians and the promoters of research. 

In regard to the proper support of research men it is difficult 
to add an 3 rthing to Mr. Skinner's statement. He describes the 
situation very vividly when he states that while writing his 
paper he received letters of inquiry for positions offering com¬ 
pensations not commensurable with the qualifications required 
of the men to fill the positions—teaching or teaching and re¬ 
search. I believe that the frank and salutory remarks made in 
this connection are very significant and worthy of special note: 
he says that it is generally understood, at least by those outside 
the teaching profession,- that there are many compensations, 
such as short hours and long vacations. This calls for little com¬ 
ment except that the man who wants to work need not have either 
short hours or long vacations. Although financial support is 
not only necessary but fair, it is well not to lose sight of another 
element which money cannot buy—recognition. I can possibly 
illustrate best what I mean by a concrete case. Last May when 
so many college men answered the call to the Colors it was not 
uncommon to pick up a daily paper and find special mention of 
Mr. A or B, great athlete in such and such college; however, few 
if any graduate or undergraduates, Messrs. X. Y or Z were men¬ 
tioned who had maintained an excellent standing throughout 
their college course, or men who had done some excellent piece of 
research, etc. This is intended merely as an illustration to show 
that research cannot be fostered and produced by money and 
equipment alone—though these are absolutely necessary, recog¬ 
nition and a sympathetic liberal atmosphere is also essential. 

^ Some people seem to attach great importance to the rela¬ 
tionship that should exist between the university research and the 
industry. ^ However, it seems to me that the real problem is the 
introduction of high grade research itself, into as many schools of 
the country as possible, under the direction of capable and far¬ 
sighted men carrying instruction and investigation side by side. 

If this be accomplished, the rest will take care of themselves 
for the_ simple reason that essentially industrial research and 
university research are fairly distinct and do not conflict. The 
pnncipal distinction, as brought out by Past-President Carty over 
a year ago, is one of motive and ethics. The latter may of 
course change with a change of patent laws. 

Because industrial laboratories have been so successful 
universities should not attempt to imitate them blindly; they 



1917] 


DISCUSSION AT PHILADELPHIA 


903 


should as a rule attack fundamental problems arid attempt 
o-eneral rather than particular solutions. For example, a manu¬ 
facturer may study the ventilation and heating or commutation, 
or noise and humming, etc., of a new line of machines he is 
brineine out, with the view of remedying some definite troubles 
or iinproving certain definite characteristics. The university on 
the other hand should study the general laws of heat generation 
and heat transference or noise m machines. While the former 
is in a hurry for definite results and may well afford to use cut and 
try methods, the latter, should attempt to be systematic am 
attack the problem from a general and broad point of view Ot 
course, there will be some overlapping. Industrial laboratones 
have to do and are doing excellent general university research; 
however, it is probably best for colleges to do as little purely com¬ 
mercial and industrial research as_possible, even though it offers 
the great inducement of immediate application and nnancia 
return. 
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AN EXPERIMENTAL METHOD OF OBTAINING THE 
SOLUTION OF ELECTROSTATIC PROBLEMS WITH 
NOTES ON HIGH-VOLTAGE BUSHING DESIGN 


BY CHESTER W. RICE 


Abstract of Paper 

The electrodynarnic method for obtaining the solution of 
electrostatic and allied problems is developed to a high degree of 
accuracy. The method is then applied to the study of high- 
voltage_ bushings. An experimental high-air-efficiency bushing 
was built and tested with the result that the arc-over was very 
materially lower than had been anticipated. 

^ A study was then made to ascertain the reason for this large 
discrepancy, which was found to be due to an unexpectedly 
large surface effect which varied greatly with different materials. 

After obtaining the numerical value for the surface effect a 
reasonably accurate predetermination of the arc-over of struc¬ 
tures, in which the stress distribution is known, can be made. 

In order to determine the desirability of using artificial equipo- 
tential surfaces to increase the efficiency of the use of the support¬ 
ing dielectric, diagrams were taken and a small bushing of this 
type constructed and tested. 

A study was then made to find out whether the reduction in 
diameter of condenser bushings is principally due to equalization 
of potential or due the greater strength of insulation when 
barriers are used. As a result of this work, it is believed that the 
barrier effect greatly predominates. 

A short discussion follows which shows the difficulties of ob¬ 
taining a sufficiently exact theory of bushing design to enable us 
to predetermine the most efficient shape for a practical bushing. 

A series of small bushings were made and tested with a 
view to determining the general shape and characteristics which 
go to make up a practical all around bushing. 

The appendix gives an unexpurgated solution of the following 
two-flow problems. 

I. The distribution of the electrostatic field when any two 
confocal hyperboloids of revolution of one sheet and of the same 
family are maintained at given potentials, 

II. The distribution of the electrostatic field when any two 
confocal hyperboloids of revolution of two sheets and of the same 
family are maintained at given potentials. 


Introduction 

I N general, a bushing has to serve two purposes; first, it must 
support the leading-in wire or conductor and must act as a 
mechanical unit capable of being removed or replaced in case of 
damage; secondly, it must insulate the high-potential conductor 
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from the tank which is usually at zero or ground potential. The 
leading-in wire, or what may be called the high-voltage electrode 
may have various shapes. The tank with hole in it may be 
called the grounded electrode and it may be shaped in various 
ways. A solid supporting dielectric is necessary to make the 
structure a mechanical unit, that is, to mechanically connect 
the high-voltage central electrode with the tank or grounded 
electrode. Between the grounded electrode and the high-voltage 
electrode, isolated metallic surfaces may be introduced which 
will form artificial equipoteniial surfaces. The condenser bushing 
is a familiar example. 

The electrical part of the design consists in studying the 
electrostatic field distribution between the electrodes in order 
to use the various available insulating materials to their best 
advantage. It is obvious that there are large numbers of possible 
electrode shapes and arrangements, the electrostatic field dis¬ 
tribution of which should be studied in order to determine the 
one which is best adapted for commercial use. The following 
investigation was undertaken with a view of determining the 
theoretical possibilities of some of the various possible arrange¬ 
ments. The work was started in July 1914, and extended with 
short interruptions to July 1916. Naturally an investigation of 
this nature is never complete but I hope that the work to be 
described will be of interest to engineers and also stimulate 
others to take up the work so that eventually we will have a 
better and more complete understanding of this and similar 
problems. 

Preliminary Work 

The preliminary work consisted in investigating the possi¬ 
bilities of obtaining a reasonably approximate solution 
of the bushing problem. The first question which presented 
itself was the following: Can two-dimensional fields be rotated 
and used as satisfactory approximations for three-dimensional 
problems? In order to test out this matter the literature was 
searched for a solution of the rod and torus problem, so as to be 
able to compare it with the solution obtained by rotating the 
field of two parallel wires. If the approximate solution, as 
obtained by the rotation of the plane figure, did not prove useful 
as a result of comparison with the exact solution, it was thought 
that possibly some simple law of distortion or stretching might 
be arbitrarily imposed upon the rotating-plane diagram which 
would change the lines of force and equipotential surfaces so as 
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to closely conform with the accurate three-dimensional solution. 
If such a procedure was found possible, it was hoped that the 
same method could be used in transforming the many available 
two-dimensional problems into approximate solutions of the 
related three-dimensional figures of revolution. 

The problem of insulating two parallel wires was studied in 
order to compare some of the various criterions which might be 
advanced for the correct and strongest surface along which to place 
the insulating material. For this preliminary work the question 
of different inductive capacities was neglected. The following 
surfaces were studied by graphical construction on a large sized 
diagram of the field between parallel wires drawn for equal tubes 
of electrostatic flux and equal differences of potential. 

I. —Constant surface flux density. 

Equal areas between lines of flux on equipotential 
surfaces. 

II. — Surface of constant potential gradient. 

Equal distances along lines of force between equipo¬ 
tential surfaces. 

III. —Surface of constant volume energy density. 

Surface defined by unit cells of equal volume. 

IV. —-Surface such that the component of the potential 

gradient along the surface has a definite linaited 
value, for example say, 50 per cent of the gradient. 
The object in studying such a surface is apparent, 
if we assume that the surface of the insulation in-, 
troduces a weakening effect. For in that case the 
component of the gradient tangent to the surface 
must not exceed the breakdown strength of the 
surface, whereas the actual gradient may be equal 
to the dielectric strength of the surrounding dielec¬ 
tric. 

V. —Surfaces of constant creepage. 

Equal distances between equipotential surfaces. 

The surfaces defined in I, II and III were seen to be identical 
as would be expected. 

The corresponding surfaces were drawn for the solid figure 
resulting from the rotation of a right section of the plane figure. 
Of course, such a procedure does not give the solution of the 
torus problem, but as explained above it was done in order that 
the result might be compared with the time solution of that 
problem. 

A search of the literature failed to yield a useful solution of 
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the torus problem. C. L. Fortescue and S. W. Farnsworth^ 
state that the smooth lines (in Fig. 4 of the paper) show theoreti¬ 
cal equipotential surfaces of indicated potential for the given 
terminals. Inspection of the figure shows that the smooth 
surfaces are those cut out by revolving a family of circles about 
the axis of the rod which would yield a set of anchor rings, the 
orthogonal surfaces would then be a set of spheres. That this 
cannot be a solution of the torus problem is stated by W. E. 
Byerly.2 'Tndeed no possible distribution can make our anchor 
rings or our spheres a set of equipotential surfaces.” It is 
therefore, evident that their solution and the calculations given 
in their curves Figs. 13, 14, 18 and 19 must have been the result 
of some sort of an approximation. It seems to me that a dis¬ 
cussion would have added to the interest and clearness of their 
paper. 

A study of the solution of the torus problem, as outlined by 
Byerly and also given by Hicks,^ convinced me that the difficul¬ 
ties of calculating sufficient points for the construction of a 
diagram of the field would be very great, and even if the solution 
were available, it would not be of great assistance in solving the 
bushing problem because the rod and torus does not constitute a 
self-supporting structure resembling a bushing. It was realized, 
at this time, that if the solution of an infinite rod passing per¬ 
pendicularly through a hole in a plane were available, it would be 
of considerable value as this would constitute the simplest form 
of bushing. 

As a result of this preliminary work, the difficulty of obtaining 
even approximate mathematical solutions of such electrostatic 
problems was brought out.^ 

Various experimental methods were, therefore, looked into 
with the hope of obtaining a method which would enable us to 
obtain experimentally the solution of any desired electrostatic 
problem. 

1. “Air as an Insulator when in the Presence of Insulating Bodies of 
Higher Specific Inductive Capacity.” A. I. E. E. Trans., 1913 Vol 
XXXII, Part I, p. 893. 

2. Fourier's Series and Spherical Harmonics page 265. 

3. Toroidal Functions, Philosophical Transactions of the Royal Society, 
Part III, pages 608-562, 1881. 

4. In this connection it is interesting to read what Maxwell has to say 
about such problems; Electricity and Magnetism. Vol. I, page 177-178. 
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The desired diagrams can be obtained in a variety of ways® 
some of which are enumerated below: 

I Directly calculated by the process of cut and try. This 
method is outlined by KarapetofiE® from which I quote m 
part- “In order to calculate the permittance (capacity) of 
a o-iven dielectric, or to find the flux densities and stres- 
ses^'in different parts of it, proceed as follows: The field is 
mapped out into small cells by lines of force and equipotential 
surfaces, drawing them to the best of ones judgment, the total 
permittance is calculated by properly combining the permittances 
of the cells in series and in parallel. Then the assumed directions 
are somewhat modified, the permittance is calculated again, and 
so on, until by successive trials the positions of the lines of force 
are found with which the permittance becomes a maximum. 
The method of successive approximations was systematized 
and used by Lord Rayleigh.^ 

While theoretically possible in all cases this method is very 
laborious even for problems in two dimensions and for three- 
dimensional problems it becomes still more exasperating as will 
be readily discovered by anyone who tries it. A considerable 
assistance in the application of this method is rendered by ex¬ 
perimentally obtaining the approximate direction of the lines of 
force by the well known method of using mica filings, or better 
fine needle-shaped pieces of glass which can be obtained by 
grinding up glass wool or fabric. 

II. Obtain experimentally the isothermal surfaces in the 
related heat-flow problem. Experimental difficulties such as 
radiation and conduction, obviously make this method imprac¬ 
tical. 

III. Obtain the equipotential surfaces in the equivalent 

electrical conduction problem® or what I have termed the elec¬ 
trodynamic method^_______ 


5 For references to the numerous articles on this subject I will refer 
the'reader to those contained in the excellent article on same subjec 
by John F. H. Douglas, A. I. E. E., Trans. 1915, Vol XXXIV,^ Part 
I, page 1067, “The Reluctance of Some Irregular Magnetic Field . 

6. Electric Circuit, pages 160-163. 

7. See Phil. Trans. Royal Society, 1871, p. 77, On the Theory o R 
nance ” also ‘‘Theory of Sound,” Vol. II, p. 171. 

8. i understand from Mr. Douglas’ paper “The 
Irregular Magnetic Fields”, A. I. E. E., Trans., 

Part I, p. 1081, that Kirchoff first proposed such a method in 1845, and 
was subsequently modified and employed by many -investigators. Re- 
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The possibilities of this method appeared very attractive and 
it was, therefore, selected as the one best suited for the present 
purposes. 

The Electrodynamic Method 
The method consists in obtaining the equipotential surfaces 
for any desired shape of electrodes from the exactly analogous 
conduction problem in an electrolyte. Thus the chosen elec¬ 
trode shapes are placed in an electrolyte and alternating current 
passed between them. The equipotential surfaces are then 
obtained by an exploring point connected through a quadrant 
electrometer to a definite known potential with regards to that 
between the electrodes. The locus of the points of zero potential 
difference as thus read by the electrometer constitutes the 
desired equipotential surface. 



The electrodes under investigation were placed in a large box 
made of paraffine treated wood and filled with an electrolyte— 
ordinary city water being found most convenient. The box was 
bolted together on the outside as will be seen in Fig. 1, thus 
eliminating all metal from contact with the electrolyte in the 
box. A small transformer (200 watt) was employed to step 
down the 110-volt, 60-cycle lighting circuit to 55 volts which 
was used as supply for the tests. A non-inductive resistance 
of 6490 ohms, divided into 50 equal parts, was shunted across 
the mains between the electrodes. The exploring pointer which 
was carried by the pantograph consisted of a slender glass tube 


^^^^sworth, A. 1. E. E., Trans., 1913, 
Vol. XXXII, Part I, p. 893, ‘‘Air as an Insulator when in the Presence of 
nsulatmg Bodies of Higher Specific Inductive Capacity", as well as 
Mr. J. F. H. Douglas have employed this method. 
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with a small platinum wire sealed, through at the end. The glass 
tube was slipped over a metal tube carried by the pantograph and 
the insulated wire brought out from the platinum point through 
the metal tube. The metal tube was used for mechanical stiffening 
and the glass tube with platinum point so as to avoid electrical 
leakage. Any defect in the insulation such as a crack in the 
glass tube being easily detected. 

The pointer was connected to one pair of quadrants of the 
electrometer, the other pair being connected to a point of known 
potential on the resistance R, Fig. 2. The needle of the elec¬ 
trometer had a metallic suspension and was kept at a definite 
potential above that of the quadrants by the transformer as 
shown in the illustration. This method of excitation gives a 
constant sensitivity regardless of the point at which connection 
is made to the resistance R. It also makes it possible to change 
the sensitivity of the instrument by varying the potential ap¬ 
plied to the needle. For example, in exploring the field between 
a given pair of electrodes we can apply a certain low potential 
to the needle when exploring the dense part of the field, and 
when exploring the weak part of the field we can raise the po¬ 
tential applied to the needle by selecting a tap on the exciting 
transformer. Thus, we, can maintain equal accuracy in all 
portions of the field. 

Some of the advantages of using the arrangement described 
above are as follows: The use of alternating current eliminates 
polarization, to a large extent, and automatically gives “reversed” 
readings. The use of a quadrant electrometer has the advantage 
that it takes practically no energy to operate, and it is a good 
zero instrument since when a point has been nearly located the 
difference in potential between the quadrants is small in compari¬ 
son with that of the needle and under these conditions^ the de¬ 
flection is very nearly proportional to the potential difference 
being measured.® 

The fact that these experiments were carried out on a large 
scale combined with the small energy necessary to operate the 
electrometer made it possible to use ordinary city water as the 
electrolyte which is obviously a great convenience. __ 

9. For the theory of the quadrant electrometer reference may be made 
to Maxwell, “Electricity and Magnetism,” Vol. I, page 338; Jeans, 
“Electricity and Magnetism,” Vol. I, page 108; J. J. Thomson, Elec¬ 
tricity and Magnetism, Vol. I, p- 97-103. 
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Method of Procedure 

In applying the electrodynamic method to problems having 
symmetry about an axis of revolution, a quadrant or octant of 
the actual figure was studied because in this manner the size 
of the electrodes used could be made larger and, therefore, the 
accuracy correspondingly improved. Skeleton electrodes were 
used because of the obvious ease with which they can be cut out 
of tin or other metal, and for the further reason that if it ever 
becomes possible to obtain a mathematical solution of such 
problems the boundary conditions would be of as simple geom¬ 
etry as possible. Of course in applying the resulting diagrams 
to the design of any piece of apparatus the electrode shape which 
would actually be built and used would conform to one of the 
experimentally obtained equipotential surfaces at some distance 



from the actual skeleton electrodes. Under some circumstances 
It would be desirable to employ actual models of the desired 
electrodes. 

The method of images is obviously applicable and is of con¬ 
siderable value in improving the accuracy and simplifying many 
problems. For example, if we wish to study the disturbing 
influence of one bushing in proximity to another, when they are at 
opposite potentials, we can set up the experiment as shown in 
ig. 3. In this manner we can determine the maximum stress 
between the two bushings and the minimum stress on the out- 
,bushing. Of course a diagram taken in this manner 
IS no longer a plane section through a figure of rotation. 

difficulty in obtaining the solution of 
electrostatic problems involving materials of different inductive 
pacities by this method, as we may employ electrolytes or 
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materials having the proper relative conductances. Practically, 
however, there are obvious difficulties in obtaining materials 
having suitable characteristics especially for the case of three- 
dimensional problems. 

In Fig. 4a is illustrated the use of a high-resistance substance 
such as carbon or a silicon clay composition, etc., as high induc¬ 
tive capacity material immersed in a suitable electrolyte to 
represent the surrounding air or low inductive capacity material. 

Another method is to use an insulating diaphram to separate 
two electrolytes of different conductivities one inside and the 
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other outside of the .shell. In Fig. 4b a series of wire rings are 
used which are connected together metallically. In Fig. 4c, the 
same method is shown except that metal pins are substituted to 
connect the outside with the inside point for point. Still another 
and possibly the simplest method of carrying out the same 
principle is shown in Fig. 4d and was suggseted to me by Mr. 
G. B. Shanklin. It consists in building up the separating shell 
of alternate metallic and insulating washers. It will be observed 
that the methods employing the wire rings or washers are only 
applicable to problems having circular symmetry. 
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It is difficult in all of these methods to obtain the equipoten- 
tial surfaces inside of the containing shell, although this can be 
accomplished in some instances. For example, in the case of a 
bushing, by placing the quarter section inverted at the top of the 
large wooden box somewhat as shown in Fig. 5, the exploring 
plane would then be at the surface of the electrolyte. 

It will be seen that in this simple apparatus we have a most 
remarkable calculating machine which is able to obtain the 
solution of Laplace’s equation and automatically calculate and 
plot the results for boundary conditions which as yet have not 
been obtained by analytical methods. The accuracy merely 
depends upon the scale and care with which the experiments are 
carried out. For example, in the experiments here described 
the potential of any point on the 
full sized diagram, 3 ft. by 4 ft. 

(90 cm. by 120 cm.) could be 
determined inside of a pin head. 

Of course, the diagrams are not 
accurate to this extent due to 
the fact that the electrodes used 
were large compared with the 
size of the containing box, and, 
therefore, the edges of the 
diagrams show large distortions, 
as will be readily seen by com¬ 
paring the experimental diagram 
Fig. 9 with the mathematical solution for the similar case 
Fig. 10. The first two diagrams are also subject to slight 
pantograph errors arising from a lack of rigidity and accuracy 
of the original pantograph. The later diagrams are more ac¬ 
curate as a new pantograph was constructed of large thin walled 
steel tubing and provided with ball bearings throughout. 

Before taking a diagram the inside of the paraffine treated 
wooden box was painted over with a mixture of beepwax and 
rosin to eliminate or reduce to a minimum any conductivity of 
the wood. 

Completing the Diagrams. 

After obtaining an experimental diagram giving the equipoten- 
tial surfaces for equal or unit differences of potential, in the 
manner described above, the diagram may be completed by 
drawing in the family of orthogonal surfaces which divide the 
field into unit tubes of electrostatic flux. Besides being a great 
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help to the eye in using the diagrams this process furnishes a 
graphical check on the accuracy of the experimental work. If 
it is found possible to draw in an orthogonal family of surfaces 
so that the elementary condensers, cut out between the equipoten- 
tial surfaces and tubes of electrostatic flux, have the same capacity 
throughout the field, we know that our diagram is the one and 
only solution of that particular electrostatic problem. For it is 
known that there is one and only one solution of any problem 
in electrostatics. In the second place, the following two condi¬ 
tions must be fulfilled when the field is mapped out in unit 
tubes of electrostatic flux, and in equipotential surfaces for every 
unit difference of potential. 

I. —The tubes of flux must intersect the lines of force every¬ 
where in the field at right angles, for if this were not true there 
would be a component of the potential gradient (or electric 
intensity) along an equipotential surface which is impossible in 
a static field. 

II. —The unit cells, or elementary condensers, which are cut 
out by the intersection of unit tubes of flux (or force) and unit 
equipotential surfaces must have the same capacity everywhere 
in the field. The correctness of this condition can be seen by the 
following reasoning. 

All the elementary condensers between two adjacent flux lines, 
that is, cut out by a unit tube of flux, are in series and if they 
were not of equal capacity they would not divide the potential 
difference equally between them. This is contrary to the assump¬ 
tion that the field is to be divided up into equipotential surfaces 
for every unit difference of potential. 

Again we see that the elementary condensers between any two 
adjacent equipotential surfaces are in parallel and have unit 
impressed electromotive force across them. Therefore, if they 
were not of equal capacity they would not divide the flux equally 
between them (»^ = C ^), which would be contrary to the condi¬ 
tion that the field is to be divided into equal tubes of flux. 

The process of drawing in the lines of force was briefly as 
follows: An appropriate height for the unit cell was selected 
near the axis of symmetry of the diagram, a perpendicular was 

10. A convenient method of erecting the perpendiculars is to employ 
a small plane mirror held, for example by a block of wood at right angles 
to the drawing board. * When the part of the equipotential line which 
is seen in the mirror forms a continuous smooth curve with the part of 
the equipotential line which is viewed directly, perpendicularity exists 
and a line can be drawn using the mirror as a straight edge. 
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erected from this point on the equipotential surface half way to 
the next one. The perpendicular was then drawn to the next 
equipotential surface which cut the first perpendicular half way 
between the two equipotential surfaces. The latter perpendicular 
was extended half way to the next equipotential surface and the 
process continued, in this follow your nose fashion,—until an 
entire flux line was completed. A smooth curve was then drawn 
through the intersection of the perpendiculars. After completing 
a pair of lines in this manner the mean heights of the elementary 
condensers or unit cells were calculated assuming a constant 
value of capacity. These mean heights were then plotted on the 
diagram and it was inspected to see whether the flux line, ob¬ 
tained by perpendiculars, was a good mean curve through all 
these points. At the beginning of a diagram these points were 
generally high and low in an erratic manner as would be expected. 
Another flux line was then obtained by the method of perpen¬ 
diculars, the smooth curve drawn through the intersection and 
the mean heights calculated as before and compared with the 
drawn in curve. In this manner the flux lines were built up 
one upon another. After completing six or seven flux lines 
it was generally found that the calculated heights of the cells 
were showing a slight consistent deviation from the curve 
as obtained by perpendiculars in some part of the field. The 
constant error was then distributed throughout all of the flux 
lines so as to make the two criterions, namely, perpendicularity 
and equal capacities, come into as harmonious agreement as 
possible. The work of drawing in more flux lines was then con¬ 
tinued and the various processes repeated until the entire diagrani 
was completed. 

The fact that it was possible to satisfactorily complete the 
above process is considered a good check on the accuracy of the 
experimental work. 


DeteTMifidtion of Cdpacities frofn the Didgrams 
After completing the diagrams by dividing up the field into 
elementary cells, we can calculate the capacity of any desired 
part of the field b}^ properly combining the elementary cylin¬ 
drical condensers in series and in parallel. For example, in the 
diagram, Fig. 12, we may desire to calculate the capacity as¬ 
suming a single dielectric betw''een equipotential surfaces 0 to 36 
and bounded by flux lines 0 to 54. Here we have 54 of our 
elementary condensers in parallel and 36 in series. Now since 
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the small cylindrical condensers are all of the same capacity 
Cu we can write as the total capacity of the part of the circuit 
under consideration 


or, 

C = - C. 
n 

where m = number of elementary cells in parallel. 
n = number of elementary cells in series. 

Cu ~ the capacity of the unit cell or the capacity of 
the elementary cylindrical condenser assumed 
for the particular diagram. 

Cu will obviously depend upon the assumed inductive capacity 
and size of the diagram. 

In selecting the mean height of the first cell which determines 
the capacity of the unit cells no particular value was chosen, 
the spacing for the flux lines being selected only for convenience 
in construction. They are not therefore, strictly speaking, unit 
cells. 

It is obviously necessary to assume some limit to the extent 
of the field in making any calculation on a field of this type for, 
if we assumed the central rod with cap infinite in extent as well 
as an infinite plane with hole and collar, the capacity of the 
entire circuit would be infinite. 

A check on the accuracy of the capacity as calculated from 
any of the diagrams could be obtained from a measurement of 
the resistance of the circuit as set up in the large box combined 
with a determination of the specific resistance of the electrolyte 
used. I am sorry that I neglected to accurately record this 
data when taking the various diagrams. 

In the case of the diagram of Fig. 28, the following resistance 


measurements were retained. 

Artificidl Kquipotential Surfaces 

Voltage applied, 60-cycle. 54.2 volts. 

Current. amperes. 

Resistance. 39.0 ohms. 

Artificial Equipotential Stirfaces Removed 

Voltage applied, 60-cycle. 54.2 volts 

Current. 1-30 amperes. 

Resistance. 41.7 ohms. 
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The resistivity of the electrolyte used (Schenectady city water) 
was determined from a sample taken from the box during the 
experiment and was found to be approximately 3000 ohm-cm. at 
25 deg. cent. 

A comparison of the measured resistance of the circuit with 
and without artificial equipotential surfaces shows that by their 
introduction we have lowered the resistance of the circuit or, if 
considering the capacity, we have increased the capacity by 
the addition of artificial equipotential surfaces. 

It will be readily seen that in those cases where we are merely 
interested in determining the resistance to flow for any of the 
problems which obey the Fourier-Ohm law, such as the flow of 
an ideal incompressible fluid, heat, or the so-called electrostatic 
and magnetic fluxes and current, we merely have to set up the 
desired electrodes in an electrolyte of known specific resistance 
and make a determination of resistance. The model used in the 
tests need not be the same size as the actual piece of apparatus 
which it is desired to study but may be either a magnified or 
reduced image. If the linear dimensions are all n times as 
large as the original then the conductance will be n times larger 
than it would be for the original model and inversely. A simple 
and also general method of obtaining the relation between the 
resistance in ohms as determined from the conduction experi¬ 
ments and the electrostatic capacity of the equivalent electro¬ 
static problem is to compare the two cases for parallel plane 
electrodes at close spacing when neglecting all edge effect. 

The well known expression for the capacity of a parallel plate 
condenser expressed in practical units is 

and the resistance between the same electrodes is 
R = p ohms 

where A = area of the dielectric or electrolyte, or what is the 
same thing, the area of one plane. 
d = spacing between the planes. 
k = specific inductance capacity (permittivity) of the 
dielectric. 

p = specific resistance (resistivity) of the electrolyte in 
ohms cm.^ 
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If we now substitute the value of — 7 - in terms of R and p in 

d 

the above equation for the capacity we obtain 

k p 1 


C = 


At R 9 X 10^' 


farads 


as the expression giving the capacity of our electrodes in terms 
of the resistance measurements^^ R and p. 

As an illustration, we may calculate the capacity of a bushing 
built from the diagram of Fig. 28 full size, assuming permittivity 
unity. The resistance measurement of a quadrant of the bush¬ 
ing gave approximately 40 ohms, and therefore, the resistance 
for the complete structure would be 10 ohms. Assuming 
p = 3,000 ohm-cm., we have 


C = 


P 

4 tR 


1 

9 X 10' 


microfarads 


- 4 #^ - 0.000027 microJaiad 

Study of Electrode Shapes 

The following are some of the questions which presented 
themselves at the outset, and which it was hoped could be 
answered by taking various diagrams of the electrostatic field 
by the electrodynamic method: 

I. What is the best form of equipotential surface for the rod 
or high-potential electrode? 

II. What is the best form of surface to select for the cover 
of the tank with a hole in it? 

III. Is there a proper best ratio of rod to hole diameter under 
various conditions ? 

IV. Are hats desirable? Of how great an assistance are 
they in screening the bushing from surrounding influence? Are 
they useful in acting as a rain shed and thereby reducing the 
field distortion under rain conditions, etc.? 

V. Can artificial equipotential surfaces be of material assist- 

11. See A. E. Kennelly, Electrical December 29, 1906, Vol. 

XLVIII, page 1239, who has used this method for determining the ca¬ 
pacity of wireless antenna. 
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ance in bringing about a better distribution of stress in the 
solid or supporting dielectric; and, at the same time, what are 
their effects upon the distribution of stress in the air and under 
oil part of the dielectric? Are their effects conflicting? 


Application of • the Electrostatic-Field Diagrams to 
Bushing Design 

The problem of high-voltage bushing design is in reality a 
problem involving two or more dielectrics of different inductive 
capacities. Therefore, in general the diagrams obtained by 
using a single electrolyte only offer approximate solutions of our 
problem. 

There are two conditions, however, in which the introduction 
of high inductive capacity material does not result in a distor¬ 
tion of the field by flux refraction. 

^ Case I. High inductive capacity material in parallel with the 
air dielectric, that is, when the supporting dielectric conforms 
to a line of flow. In this case the form and distribution of the 
flux and equipotential surfaces are neither altered in form nor 
distribution—nothing is changed under these conditions when 
considering perfect dielectrics. 

Case II. ^ High inductive capacity material in series with the 
air dielectric, that is, when the additional material conforms to an 
equipotential surface. In this case the form of the equipotential 
and flux surfaces is not distorted by refraction. There is, however, 
an increase in the total amount of flux at constant applied 
potential difference which causes a change in the distribution 
of the stresses. The stress in the part of the field where the 
high inductive capacity (permittivity) material has been in¬ 
serted is reduced, and that in the low capacity (permittivity) 
material increased. Therefore, in this case allowance has to be 
made for this effect. 

In the above cases it is not necessary to have the surface of 
iscontinuity rigorously conform to the flux or the equipotential 
^rface since a small variation will not greatly disturb the field. 
Ihis can be easily seen by making simple calculations by the 
law of flux refraction, which states that the tangent of the angle 
ot incidence di is to the tangent of the angle of refraction 62 as 

permittivity of the first medium ki is to the permittivity of the 
second 


Jeans, “Electricity and Magnetism,” p. 335 - 
Circufp 28 P' 327; Karapetoff, “The Electric 
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Thus 


tan 61 __ ki 
tan O 2 ^2 


(wSee Fig. 6) 


As an example consider the case in which 
ki = 1 (air) 

^2 = 3 (oil) 

01 = 70 deg. (the assumed angle of incidence) 

Then, 

tan 02 = tan 0i 

tan 02 = 2.747 X 3 = 8.25 

02 == 83 deg. (the angle of refraction'’ 



As 01 approaches 90 deg., that is coincidence with the line of 
force, 02 also approaches 90 deg., and in the limit we have the 
case of two dielectrics of different permittivities in parallel. 
Under these conditions the form of the electrostatic field is 
unaltered by the presence of the two dissimilar materials, and 
the flux density in the air is not increased thereby. If 0i ap¬ 
proaches zero degree then, in the limit, we have the case of two 
dissimilar dielectrics in series, and for this case the flux density 
in the two materials is the same, but due to the increase in total 
amount of flux the density in the air is increased by the presence 
of the higher permittivity material. 

The above considerations show that there are two cases in 
which we can apply the diagrams obtained by using a single elec¬ 
trolyte to bushing design without fear of large errors being intro- 
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duced due to flux refraction between the dissimilar materials 
which are in practise necessarily used for bushing. 

Uniform-Field Type of Bushing 

Thus applying Case I we see that it may be possible to so shape 
the electrode that the strongest surface of discontinuity between 
the supporting or high inductive capacity material and the air 
conforms closely to a line of flux. In that case the introduction 
of the solid material will not alter the fleld distribution and we 
would thus obtain one of the infinite number of theoretically 
correct designs. If this design can be obtained without making 
the electrodes of an impractical shape or size, this particular 
solution of the problem would be all that we require. For the 
case of ideal or perfect dielectrics, which assumes that the sur¬ 
face of discontinuity between the air and solid dielectric does 
not introduce a weakening influence, the strongest surface wotild 
be an eqiiigradient surface which coincides with a line of flux 

In this type of bushing it will be observed that the surface of 
discontinuity receives the full value of the potential gradient 
and therefore any weakening influence due to the surface of 
discontinuity between dissimilar dielectrics will exert its maxi¬ 
mum ill effect. In the following a bushing built along these lines 
has been referred to as the “High-Air-EflSciency Bushing.” It 
may also be called the ‘‘Uniform-Field Type,” since the support¬ 
ing dielectric and air are in parallel in an essentially uniform 
field. 

By the use of artificial equipotential surfaces placed so as to 
bring about uniform gradient in the supporting dielectric, this 
type of bushing would, assuming perfect dielectrics, be as small 
as it is possible to construct, that is, it would use the air and any 
available supporting dielectric to their maximum efficiencies. 

Radial-Field Type of Bushing 

If we apply Case II to bushing design we would obtain a con¬ 
dition in which the potential gradient is zero along the surface 
of discontinuity between the air and supporting dielectric, and, 
therefore, has its full value normal to the surface. A bushing of 
this type would not be affected by surface conditions. It is 

13. It may be of interest to compare this suggested criterion which 
assumes ideal dielectrics with that suggested by C. L. Fortescue and S. 
W. Farnsworth, and J. M. Weed^s discussion, A. I. E. E., Trans., 1913, 
Vol. XXXII, Part I, p. 893, *‘Air as an Insulator when in the Presence of 
Insulating Bodies of Higher Specific Inductive Capacity.” 
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obviously impossible to have the supporting dielectric connecting 
the grounded and high-potential electrodes actually coincide with 
an equipotential surface since the two electrodes must be at 
different potentials, nevertheless the condition can be approxi¬ 
mately obtained in practise. This type of bushing has been 
referred to as the radial-field type. In this case the supporting 




Fig. 7 


and air dielectrics are essentially in series in a radial field. If the 
surface effect is very great, that is, if the component of the poten¬ 
tial gradient along the surface has to be very small, this type of 
bushing when provided with artificial equipotential surfaces 
to obtain uniform stress in the supporting dielectric would 
result in as small a bushing as it is possible to construct. 
In this case the potential gradient would be approximately 
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normal to the surface and is, of course, only limited by the 
strength of air. 

Under-Oil End. In the above discussion we have considered 
the top part of the bushing where two greatly dissimilar dielec¬ 
trics must generally be employed. The under-oil end of the 
bushing can, as a fair approximation, be treated as a single 
dielectric problem since the dielectrics usually employed do not 
differ very greatly in inductive capacities. 

The under-oil end requires careful study due to the proximity 
of disturbing influences such as the core and windings of the 
transformer. It may be found desirable to use a rather large cap 
on the under-oil end to shield the bushing from these disturbing 
influences. 


& 1 

1 1 

L 


i Oil Level ; 

; ‘ 


^ ^ Bubbles—^ ^ 

^dcly Edd^ = 




Fig. 8 


This part of the problem will have to be carefully considered 
in conjunction with the whole design of the transformer or switch, 
7 is an illustrative suggestion of transformer design 
which would assist in an efficient under-oil-bushing design. 
Fig. 8 shows a switch design in which a large cap is used to reduce 
the tendency for an arc to re-strike, and, at the same time, pro¬ 
vides a sort of deflector which throws the gas bubbles, etc., away 
from the sflrface of the dielectric. This could be given a sort 
of curved or bucket shape so as to produce eddies which might 
reduce the height of oil necessary over the contacts, etc. 

Explanation of Diagrams 

The diagrams are drawn for equal tubes of electrostatic flux 
or force and equal differences of potential between equipotentials. 
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That is, they are plane sections through the solid figure of revolu¬ 
tion. Thus, if we imagine this plane section rotated about the 
axis of symmetry, the lines in the diagrams will cut out the 
correct surfaces—the equipotential lines and flux lines will 
generate equal tubes of flux and equipotential surfaces for equal 
differences of potential. The elementary cells, or elementary 
cylindrical condensers, thus cut out will have the same capacity 
throughout the field. 



Fig. 9 

In the case of diagrams, Figs. 27 and 28 dealing with the use of 
artificial equipotential surfaces the tubes of flux were not drawn 
in since they would be discontinuous at the metal surfaces. For 
this reason it was thought that they would confuse rather than 
add to the diagrams. 

Discussion of Diagrams 

Fig. 9. {Mathematical Solution Fig. 10). It will be readily seen 
that if we assume our transformer or switch tank sufficiently 






926 


RICE: ELECTROSTATIC PROBLEMS 


[Nov. 9 


large, we can consider the top of the tank as an infinite plane 
with a circular hole in the middle. As our desired means of 
metallic connection the simplest would be merely a wire passing 
perpendicularly through the hole in the tank connecting the 
inside with the outside. As. these electrodes constitute the 
simplest imaginable form from which to design a bushing their 
electrostatic field was the first studied. 



This diagram shows the characteristics of what has for con¬ 
venience been termed the radial-field type. 

In designing a bushing from this diagram we would probably 
select equipotential surface 1 or 2 to represent the cover of the 
tank with hole and rounded edge which makes the stress on the 
supporting dielectric about three times as high as allowable for 
the air part of the dielectric. In order to stress the supporting 
dielectric near the rod to approximately the same value as that 
at the edge of the hole we would select as our rod an equipotential 
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surface somewhere between No. 25 and No. 30. Under these 
conditions the ratio of rod diameter to hole diameter would be 
about 5 to 1. There are, however, many factors (such as the 
relative strengths of the dielectrics employed and whether the 
strength is equal in all directions, etc.) which will influence the 
above ratio and it should, therefore, not be considered as a fixed 
quantity. 

The edge of the hole in the tank must clearly be embedded in 
the supporting, stronger than air, dielectric to eliminate over 
stressed air near the edge. That is, the value of a ground shield 
is clearly shown. This type of bushing will necessarily be quite 
high in order not to over stress the air at the top. 

A study of this diagram suggested that a mathematical solu¬ 
tion of this case should be quite easily obtained, due to the 
apparent simplicity of the equipotential surfaces and their 
mutual resemblance. Some of the lines of force were drawn in 
and were seen to conform fairly closely to confocal ellipses, 
having the edge of the plane as focus (see Fig. 9). This sug¬ 
gested that if there were no disturbing influences, that is, if the 
rod were very small in diameter and infinitely long and the 
plane also infinite in extent, the solution of the problem would 
consist in a confocal system of hyperboloids of one sheet as the 
equipotential surfaces, and confocal oblate spheroids as the 
surfaces of force. A plane section through the axis of symmetry 
of this figure is then a family of confocal hyperbolas and ellipses. 
The minor axis of the ellipses is the axis of symmetry or the 
axis about which the plane figure is rotated in order to cut out 
the solid figure. 

In order to test this assumed solution of the problem, a dia¬ 
gram was constructed as follows: 

Two large confocal ellipses were constructed having the minor 
axis along the rod and the radius of the hole in the plane as 
semi-major axis. The space between these two ellipses was 
then divided up into cells (see Fig. 11) which obeyed the required 
geometrical law: 

- = C (a constant) 

a 

where r = the mean radius of the cell 

h = distance between the two confocal ellipses 
d = the other dimension of the small rectangular cell 
(or the distance between the concentric cylin¬ 
ders). 
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By cut and try, the space between the two ellipses was di¬ 
vided up into small cells of constant C. This value, C, is 
proportional to the capacity of the small concentric cylinder 
condensers which would be cut out by rotation around the 
minor axis. The family of hyperbolas which has the same focus 
as the ellipses was then drawn through the cells. The figure 
was then completed by drawing in the complete family of con- 




Confocal Hyperbolas 



focal ellipses which divided the whole fieldjnto cells having the 
same capacity or constant C. The fact that it was possible to 
complete this construction is a graphical proof of the correctness 
of the assumed solution; namely, that confocal hyperboloids of 
one sheet are the equipotential surfaces, and confocal oblate 
spheroids the boundary surfaces of the tubes of flux. 

After obtaining the solution of the problem by this method. 
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I found that it was well known; for example MaxwelP^ discusses 
the mathematical solution of this and similar problems. Other 
.treatments will also be found in many books. 

Notwithstanding the numerous treatments of the subject it 
was not until a lengthy study of these sources, besides cor¬ 
respondence and later the great privilege of an interview with 
Professor W. E. Byerly, that I was able to obtain what appeared 
to me to be a clear and useful solution of the problem. 

I believe that there are other engineers who find it difficult 
to readily understand, and therefore use, to the best advantage, 
the results of the great deal of extremely valuable mathematical 
work which is available in the various treatises. It seems to me 
a great pity that the mathematicians do not more frequently 
reduce their results to a readily utilizable form, and wherever 
possible sketch out, with examples, some of the applications which 
must occur to them while working on the subject. In spite of 
the drudgery which necessarily accompanies any numerical cal¬ 
culations, I believe that a 'writer would be amply repaid for his 
trouble by the greatly increased number of people who would 
study and be able to use his results. 

Another difficulty, which I have frequently encountered, is 
the fact that the writer assumes too great a familiarity with 
existing mathematical works on the part of his readers. 
No one is better able to supply page references to 
what he considers a good and clear treatment of his state¬ 
ments it has been proved I also believe that no 
work would suffer from the inclusion of an appendix of 
‘ht can be easily shown” and in some cases the “hences”. All 
of these additions could be skipped by the fluent mathematical 
readers but would be available as wonderful time savers and 
often life savers to the ordinary' engineer. For these reasons I 
have included an unexpurgated edition of two electrostatic 
problems in the appendix to this paper. 

Problem 1. The distribution of the electrostatic field when 
any two confocal hyperboloids of revolution of one sheet, and 
of the same family, are maintained at given potentials. 

14. See Maxwell, Electricity and Magnetism, 'Vol. I, p. 235 and fol¬ 
lowing. 

15. See Byerly, Fourier Series and Spherical Harmonics, p. 238-247. 

J. H. Jeans, Electricity and Magnetism, p. 238-244; A. G. 'Webster, 
Electricity and Magnetism, p. 203-242, 273, etc.; I. Todhunter, The 
Functions of Laplace, Lam6 and Bessel, Chapter XXI p. 211. 
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This problem is useful as an approximation in studying high- 
voltage bushing design; it also gives us an interesting variety of 
possible electrode shapes for use in testing insulating materials, 
where it is desirable to be able to calculate the gradients. When 
testing a dielectric of given inductive capacity immersed in a 
dielectric having a different inductive capacity {i.e., hard rubber 


16 17 18 19 20 21 22 23 24 25 26 2728 30 35 



in air or oil) the edge effect can be eliminated by shaping the 
test piece so as to follow a line of force or flux. 

Problem II. The distribution of the electrostatic field when 
any two confocal hyperboloids of revolution of two sheets and 
of the same family are maintained at given potentials. This 
problem is of interest as an approximation to a group of problems 
which are of frequent occurrence in engineering. For example, 
It may be applied to switch electrodes at various spacings; also, 
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as an approximation in vacuum tube designs, such as X-ray 
tubes, kenotrons, etc. That is, it is an approximation to the 
problems of two elongated electrodes at various spacings, {i.e., 
two needles or a needle and a plane) etc. 

Fig. 12. This diagram^® shows a form of field intermediate 
between the radial and uniform-field types. The effect produced 
by adding a collar to the edge of the hole in the plane is shown. 
The addition of a collar or extended ground shield is generally 
used on the air end to shield the bolts necessary in clamping 



Fig. 13 


the bushing to the tank. It may also be used to shield 
switch mechanism, etc. A ground shield extending below the 
surface of the oil on the under-oil end is usually necessary in order 
to remove the stress on the air above the oil. 

In designing a bushing from this diagram, we would probably 
select equipotential surface No. 2 or No. 3 as cover of the tank 
with hole and collar or ground shield and an equipotential surface 

16. Dr. C. P. Steinmetz has published this diagram in the fourth 
edition of his Electrical Engineering, page 116,^ which has recently appeared. 
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resembling No. 20 as high potential electrode. In practise we 
would probably not build the electrode of the shape of surface 
No. 20, but would make up the electrode of a straight rod and 
cap which would be roughly equivalent to surface No. 20. The 
addition of the cap and collar does not greatly alter the con¬ 
clusions regarding the ratio of rod to hole diameters as outlined 
above when discussing this point for the simplest case, that of a 
rod passing through a hole in a plane. That is, the edge effect of 
the collar or cylinder is about the same as that for the edge of a 
plane. 


23 24 25 26 27 28 29 303132 33 34 35 



Fig. 14 


F%gs. 13, lAand 15. These diagrams are essentially of the 
uniform-field type. A study of diagrams, Figs. 9 and 12, indi¬ 
cated, that by increasing the size of the cap and bringing it closer 
to the case, the efficiency of the use of the air part of the dielectric 
could be increased. That is, it appeared practical to shape the 
electrodes of the bushing in such a way that the distribution of 
the electrostatic field would approach the condition in which the 
strongest surface assuming ideal dielectric (constant gradient or 
ux density) coincides with a line of force in the part of the field 
where it is desired to introduce the dielectric of higher specific 
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inductive capacity than the rest, which may be air or oil. As 
previously stated the resulting bushing would use the air at its 
maximum efficiency and hence the resulting bushing would be as 
efficient, with respect to the air path, as any of the infinite other 
solutions which could be obtained by using flux refraction com¬ 
bined with various electrode configurations. 

In order to experimentally test out this conclusion. Figs. 13, 
14 and 15 were taken. Skeleton electrodes were used, as 


22 23 '24 25 26 27 ‘28 29 30 31 32 34 36 3840 V= 50 



in the previous experimental work, in order to simplify 
matters. For instance, one electrode may consist in a thin piece 
of sheet iron, or tin, with a hole in it; the other electrode a small 
wire with an attached metal disk. The proper actual shape of the 
rod with cap and the tank will then be selected from the equipo- 
tential surfaces which are obtained by the experiment. 

For the new diagrams the size of the cap was increased so as 
to have a diameter of about times that of the hole in the 
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plane, and was placed at about one diameter from the plane. 
The short cylinder was added to the sheet-iron disk for Fig. 14, 
to form a skeleton electrode which would flatten out the 
equipotential surfaces near the edge of the disk, and also to bring 
the lines of force into a more nearly cylindrical form. Briefly, 
to give the effect of a cap having a greater radius of curvature 
at its edge. 

In applying these diagrams to bushing design we would prob¬ 
ably select the equipotential surface 2 as the top of the tank, and 
an equipotential surface between 28 to 32 as our rod with cap. 
This selection gives approximately equal gradient at the edge of 
the hole in the tank and at the rod. Also, the maximum gradient 
on the cap is not too different from that near the tank. The 
supporting insulation, stronger than air and of higher specific 
inductive capacity, would probably be put in somewhere between 
flux lines number 4 to 7. 

It is apparent from the diagram that this bushing would have 
its maximum air stress near the edge of the cap, and therefore, 
would probably arc-over clear of the solid insulation, unless the 
surface introduces appreciable weakening influences. This 
matter will have to be settled by experiment and then given 
consideration according to its magnitude. Assuming a surface 
which does not appreciably affect the arc-over of the bushing, 
we obtain from the full size diagram. Fig. 14, the following result. 
Selecting equipotential surface No. 30 as our rod with cap, we see 
that the maximum potential gradient in the air occurs near the 
edge of the cap. We must, therefore, select this gradient to be 
that at which air breaks down or approximately 21 kv. effective 
per cm. The distance between equipotential surfaces 30 and 29 
is about 0.6 cm. (on the full size diagram). 

Hence 


29 


e 


30 


0.6 


29 


SO 


— 21 kv. effective per cm. (assumed strength 
of air.) 


= 12.6 kv. effective, the potential at which 
breakdown will occur between these two 
surfaces. 
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Between the cap and the tank (equipotential surface No. 2) 
there are 28 equipotential surfaces drawn for equal differences of 
potential. Therefore, the arc-over voltage of this terminal 
would be obtained by multiplying the number of equipotential 
surfaces between that selected as the rod with cap and the tank, 
by the voltage which would cause breakdown if applied between 
the two consecutive surfaces in the densest part of the air field. 
In this case the number of surfaces is 28, and the voltage, at which 
breakdown first occurs between two surfaces is 12.6 kv. effec¬ 
tive. 

Hence 

28 X 12.6 = 350 kv. effective arc-over voltage. 

The operating voltage, assuming a safety factor of 3, would be 
116 kv. effective. This calculation assumes that as soon as the 
gradient at the edge of the cap reaches the breakdown value, 
arc-over will occur (unstable condition). 

With regards to the stresses on the solid or liquid dielectric 
which is used in this design, it may be of interest to observe that 
the maximum gradient, which occurs along the path between 
rod and edge of tank, is approximately 63 kv. effective per cm. 
or three times that at which air breaks down. 

The efficiency with which this bushing uses the air part of the 
dielectric may be estimated as follows: 

Assuming arc-over to occur from the point of maximum stress 
on the cap, that is, near the outer edge, to the tank a distance of 
approximately 30 cm., we see that this air path under uniform 
gradient, should arc-over at 

30 X 21 = 630 kv. effective. 

Hence, taking the efficiency to be the ratio of the arc-over volt¬ 
age as estimated above from the diagram, to this uniform 
gradient condition, we have 

'Efficiency = ^ = 55 per cent. 

Fig. 15, shows the effect of the addition of a collar or cylin¬ 
drical ground shield to a bushing of this type. The con¬ 
clusions are similar to those which may be drawn from the 
previous diagrams. 
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Tests on Experimental High-Air-Efficiency Bushing 
An experimental bushing was constructed from a photographic 
reduction of Fig. 14 , as outlined in Fig. 16. Two supporting 
dielectrics were tried. In the first case a smooth porce¬ 
lain piece conforming as closely as possible to the flux line No. 7 
was used. In the second case the porcelain surface was corru¬ 
gated as shown in the figure between flux lines No. 4 and No. 7 . 



Pig. 16 


riort pieces were cemented together with 

fied ft the ®l«"trode shape but was modi- 

fied at the top as shown in the figure as it was not thought im¬ 
portant to conform to the diagram at the ton nnrf nf fL j. j 
where tlifs o+e-nsco ns *1. ■ of the electrode 

stress on the air is very low. Equipotential surface 




PLATE XLII. 

A. I. E. E. 

VOL. XXXVI, 1917 
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No. 2 was selected as the ground plane and extended 43 cm. fiom 
the axis. The upper and lower parts of the bushing were ma e 
as nearly alike as possible; Fig. 17 and 18 show the general 
appearance and construction of the bushings. . , . ^ 

The principal electrical characteristics, as obtained from 
experim"ental"diagram, Fig. 14, are as follows: The maximum 
gradient on the air part of the dielectnc occurs on of 

central electrodes and well away from the sur ace ° ® AfFoctive 

ing dielectric. The gradient at this point reaches 21 
per cm. (or the assumed breakdown strength of a'’') , 

L. effective. The gradient along flux line No. 7 (7.3 cm long 
is practically uniform and will reach 21 kv. e ec ive p ' 
abLt 153 kv. The gradient at the edge ground e e^ 
and the central rod are approximately equal and are a 

times the maximum gradient on the air. u,,cv,;ncrc; 

The arc-over voltages of the corrugated and smooth bushing 

may be estimated as follows: 

(1) Smooth Surface , . . + 

If we assume that the surface and joints 

introduce disturbing influences, arc-over 
the surface at 117 kv. effective. For this potential differenc 
gradient along the surface of the porcelain would be 16 . 

effective per cm. 

(2) Corrugated Surface. 

If we neglect refraction effects J^J^d^hflf 

assumption that the corrugations ^ arc- 

porcelain in series in a uniform field we would have for the arc 

over voltage 


Where 


= G. (xi -f -^) 


Gi = 21 kv. per cm. 


arc-over voltage 


7.3 

xi = Xi = cm. 

k = 5 porcelain 

/ , 3.65\ 

e = 21 ^ 3.65 + I 

e = 92 kv. effective, 


Hence, 
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and arc-over would occur by unstable corona formation in the 
corrugations at 92 kv. effective. 

At this voltage the average potential gradient along the arc- 
q2 

over path would be = 12.6 kv. effective per cm. 

Summary of Tests 

Sixty-Cycle Arc-over Voltage, (average of ten readings) 
Surfaces cleaned with absolute alcohol and wiped dry 

I Smooth Surface.80 kv. zh 10 kv. 

Average gradient.11 kv. per cm. 

II Corrugated Surface.72 kv. dz 10 kv. 

Average gradient.9.9 kv. per cm. 

Surfaces cleaned as above and then covered with an oil film. 

I Smooth Surface.75 kv. zb 10 kv. 

Average gradient.10.3 kv. per cm. 

II Corrugated Surface.82 kv. zb 5 kv. 

Average gradient.11.2 kv. per cm. 

The arc-over voltages after visible carbonization points have 
been formed at the sealing wax joints and on the porcelain is 
given below. This condition is reached after about 15 arc-overs, 
when dry clean surfaces are used and in 5 to 10 arc-overs when 
the surface is oiled. Handling the surface results in about the 
same arc-over voltages. 

I Smooth Surface.50 kv. zb 2 kv. 

Average gradient. 6.85 kv. per cm. 

II. Corrugated Surface. 5 kv. zt 2 kv. 

Average gradient.7.25 kv. per cm. 

Surface of electrodes and porcelain covered with city water, 
that is, the surfaces were sprayed after all the oil had been 
removed. 

I Smooth Surface. .,..23 kv. zt 3 kv. 

Average gradient. 3.15 kv. per cm. 

II Corrugated Surface.27 kv. ±3 kv. 

Average gradient. 3.7 kv. per cm. 

Surface oiled and a needle point in. long placed upright at 
tne corrugated surface on the ground plate. 

First arc-over. 5 q 

Average gradient. 6.85 kv. per cm. 
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After about three arc-overs a carbonized point cotild be seen 
to form at the arcing point on the upper electrode above the 
needle, also considerable carbonization took place around the 
needle. 

Under these conditions the arc-over 

was.35 kv. 

An average gradient of.4.8 kv. per cm. 

60 Cycle Under-Oil Tests. After the above mentioned tests 
were completed the bushing was immersed in oil (40 kv. oil as 
measured by standard gap of 0.2 in. (0.5 cm.) between 0.5 in. 
(1.27 cm.) terminals) in order to determine the under-oil charac¬ 
teristics. 

In both cases arc-over took place over the porcelain surfaces 
and in the corrugated bushing followed in and out of the corruga¬ 
tions . The results were 

I Smooth Surface.122 kv. 

Average gradient. 16.7 kv. per cm. 

II Corrugated Surface.144 kv. 

Average gradient. 19.7 kv. per cm. 

Impulse Arc-over Tests. Impulse tests were made using P. W. 
Peek’s impulse generator.Impulses having various frequencies 
and wave shapes were used but as the results were in good agree¬ 
ment in all cases only a typical set of readings will be given. 
The calculated frequency of the impulse wave is given as 500 
kilocycles with a maximum voltage corresponding to 188 kv. 
effective. 

The arc-over voltages as measured by 12.5-cm. spheres placed 
in parallel with the bushing were as follows: 

I' 111.5 spheres only 

I Smooth Surface. { 117. half and half 

I 121. bushing only 

Average gradient. 16 . ky. per cm, 

r 104. spheres only 

II Corrugated Surface.| 111* half and half 

I 117. bushing only 

Average gradient. 15.2 kv. per cm. 

The results were practically identical with clean dry or oiled 
surfaces. __—_— 

17. “The Effect of Transient Voltages on Dielectrics.” A. I. E. E., 
TRAm, 1915, Vol. XXXIV, Part II, p. 1857, 
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Observations and Discussion 

In a]l of the tests on the smooth bushing the arc-over appeared 
to follow close to the surface. In the corrugated case arc-over 
appeared to take place along flux line No. 7, that is, did not 
follow in and out of the corrugations. (The only exception v^as 
in the case mentioned of the under-oil arc-over of the corrugated 
bushing where the path followed the corrugations in and oiit). 

The previous calculations indicated that the smooth porcelain 
bushing should arc-over clear of the surface at about 117 kv. 
whereas in test it arced-over along the surface at about 80 kv. 
± 10 kv. (oily and dry surfaces do not seem to be greatly dif¬ 
ferent) or say approximately 70 per cent of the calculated arc- 
over voltage. However, this comparison is not a truly correct 
one since the arc-over occurred at the surface and not at the 
point of maximum gradient. A better comparison of calculated 
and observed arc-overs is obtained by comparing the calculated 
surface arc-over with the actual surface arc-over. 

Stxty-Cycle Tests. (A) Averaging the clean and oily surfaces 
we have 


calc, surface arc-over 


153 


= 2.0 


(B) 


(C) 


nieasured surface arc-over. 77 

Carbonization points formed after a number of arc-overs 
calc, su rface arc-over 253 


measured surface arc-over. 

Surfaces and electrodes sprayed with water. 


Impulse Tests. (D) Clean or oily surfaces. 


50 

153 

23 

153 

117 


= 3.1 


= 6.6 


1.3 


atSwTsScr^Tr^^ advanced for the above results; 
at first I was inclined to account for them in the following man- 

Case A. Here breakdown occurred over the surface of the 

aomnnt for this we might assume that a conducting corona ring 
ridTect“j'>' po"oe" 

with the air at ^ Sim T™ being in series 

wd the 
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twice that existing in the uniform part of the field. For if we 
insert a cylindrical conductor in a uniform field the maximum 
gradient on the cylinder will be twice the gradient of the uniform 
field in which it is placed or if we have two infinite plane elec¬ 
trodes having hemicylindrical bosses upon them, then for spac- 
ings between the planes such that the field between is essentially 
uniform in the middle the gradient in the vicinity of the cylin¬ 
drical bosses will be a maximum on the crest of the boss and will 
be twice the gradient existing in the uniform^ part of the field. 

The solution of this problem is obtained by the method of 
images; by superimposing a uniform field upon the field of a 
linear doublet.^® A complete diagram of the electrostatic field 
is given by Maxwell in Plate XV at the end of Vol. II of ‘^Elec¬ 
tricity and Magnetism.” 

If we make the further assumption that the corona ring is 
unstable then we see that arc-over should occur at approximately 
one-half the calculated arc-over voltage assuming perfect joints 
and surfaces, which is about the value observed from the tests. 
It is of course probable that the gradient at the surface of the 
boss will have to be somewhat above 21 kv. effective per cm. at 
breakdown, or what is the same thing, the breakdown strength of 
air'(assumed 21 kv. eff. per cm.) must be reached at a finite 
though small distance from, the surface of the boss. This same 
effect is well known in the case of wires or concentric cylinders, 
etc., for example, it has been discussed by F. W. Peek, Jr.^^ 

Case B. Carbonization points formed after a number of arc- 
overs. In this case arc-over took place over the surface at about 
one third the calculated value. A method of approximately 
explaining this case may be based upon the assumption that a 
small hemispherical corona boss forms on the surface of the 
electrodes. The solution of the electrostatic problem of two 
infinite planes having hemispherical bosses is obtained by super¬ 
imposing a uniform field upon the field of a spherical doublet. 
The gradient is a maximum on the crest of the boss and is three 
times that in the uniform p art of the field.^Q _ 

18. See ‘'Electricity and Magnetism”. A. G. Webster, p. 202, also 
p. 88. Notes on Electric Field Distribution. Journal of the Franklin 
Institute, July, 1913. W. S. Franklin, p. 72-75. 

19. A. I. E. E., Trans., 1911, Vol. XXX, Part III, p. 1889, “The Law 
of Corona and the Dielectric Strength of Air.” 

20. J. H. Jeans, “Electricity and Magnetism,” p. 188-191; A. G. 
Webster, “Electricity and Magnetism”, p. 371-373; Lord Kelvin Papers 
on “Electrostatics and Magnetism,” p. 492; J. J. Thomson, “Electricity 
and Magnetism,” p. 158-160, 
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Diagrams of the lines of force or flux will be found in the 
various references given below and a somewhat similar and in¬ 
structive case is shown in Plate III at the end of Vol. I—Maxwell, 
“Electricity and Magnetism.” 

Case C. Water particles on the surface. In this case arc-over 
occurs at about one-half the needle-gap arc-over at this spacing. 
This low arc-over under these conditions may be a sort of pro¬ 
gressive breakdown between adjacent water particles or distor¬ 
tion of the field by erratic conduction, etc. 

Case D. The impulse test shows an arc-over voltage which, is 
very close to the calculated arc-over assuming that it takes place 
clear of the surface. To the eye, however, the arc-over seems to 
take place along or very close to the surface and therefore there 
seems to be some disturbing influence at work which the above 
explanations do not take into account. 

The previous calculations for the corrugated porcelain bushing 
indicated that the arc-over should take place along the edge of 
the corrugations due to unstable corona formation in the valleys 
of the corrugations. The calculation is necessarily only approxi¬ 
mate as the flux refraction produced at the corrugations is 
neglected. 

A comparison of the various cases may, however, be of interest. 


Case A. 

Sixty-cycle Tests. 

Oily and clean surfaces ratio of calculated 
to test arc-over.... 

^=1 2 
•77 

Case B. 

Carbonization points formed after a num¬ 
ber of arc-overs. 

_ — 1 74 



•53 ^ ' ^ 

Case C. 

Surfaces sprayed with water 

^ = 3 4 


Impulse Test 

27 

Case D- 

Clean and Oily Surface.... 

m » 


Explanations similar to those offered for the smooth surface 
might be advanced but cannot be quantitatively applied as the 
Held conditions are not as definitely known 

Under-Oil Tests (60 Cycles). The under-oil arc-over tests also 
show a lower value than would be expected if we assume perfect 
joints and ideal dielectrics. 
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The strength of oil at these large spacings (7.3 cm.) is about 
33 kv. effective per cm., and therefore the surface arc-over voltage 
should be 7.3 X 33 = 240 kv. effective for the smooth porcelain 
surface 

calculated surface arc-over _ 240 _ 2 q 
measured surface arc-over 122 


It will be observed that the explanation above (corona ring or 
joint effect) could be applied to these tests and give what would 
appear to be a satisfactory explanation of the observed discrep¬ 
ancy between calculated surface arc-over voltage and that ob¬ 
tained from the tests. The corrugated porcelain surface could 
be discussed qualitatively in a similar manner. 


Additional Tests on ‘‘High-Air-Efficiency Bushings. 

The object of the following tests was to determine the dis¬ 
turbing influence of the walls and floor of the room or ground 
upon the arc-over voltage of this type of bushing. The following 
tests were made using the corrugated supporting dielectric as it 
was still assembled with the electrodes. The previous under-oil 
tests had damaged the porcelain surface on one side, and there¬ 
fore, necessitated submerging the injured end under oil. For 
this purpose, a wooden oil tank was used, the tests being made 
on the uninjured end. The surface of the porcelain was oiled 
for all tests. 

Summary of Tests 

Sixty-Cycle Arc-Over Voltage, (average of ten readings). 
Corrugated Surface. 


(A) Plane grounded 

Arc-over voltage.^7 kv. Az 5 kv. eff. 

Average gradient. 9.2 kv. per cm. 

(B) Plane isolated, central electrode grounded 

Arc-over voltage.67 kv. zt 4 kv. 

- Average gradient. 9.2 kv. per cm. 

(C) Bushing entirely isolated. . 1 

Arc-over voltage.80 kv. i 10 kv. 

Average gradient.f 1 

A comparison of these tests with the previous ones show a 
reduction of the arc-over voltage for the grounded cases to about 
^80 per cent of the previous values. The isolated case agrees 
closely with the previous tests where the plane was grounded. 
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The results might be expected from the following considera¬ 
tion: In the previous tests the bushing was suspended about 
10 ft. above the floor of the room, and therefore was not ap¬ 
preciably influenced by the floor and walls, whereas the present 
tests were made with the bushing about 2 to 3 ft. from the floor 
of the room. The conditions of the test had to be changed, due 
to the fact that it was necessary to have the damaged end of the 
bushing under oil. Under these conditions the proximity of the 
floor of the room or ground would have a greater effect upon the 
grounded cases, A and B, than for case C where both plane and 
central electrode were isolated. 

It may be interesting to note, at this point, that the type of 
electrostatic fleld, which we are here concerned with, for example, 
an infinite rod passing through a hole in an infinite plane is 
essentially different from the case of two spheres at different 
potentials m space. In our case the rod and the plane both 
are considered as going to infinity and are at different potentials. 

hus, it is evident that the potential at infinity is indeterminate 
.and the electrostatic field distribution merely depends upon the 
relative potential between the two electrodes. This can be seen 
analytically from the mathematical solution for this simplest case 
(see appendix). The case of two spheres in infinite space is quite 
different. For example, assume them to have equal and opposite 
potentials, in that case, the equipotential surfaces are approxi¬ 
mately spherical at great distances from the spheres and at an 
infinite distance the equipotential surfaces around each sphere 
are two infinite spheres made up of the infinite plane which 
passes midway between them. By reason of symmetry this 
infinite plane is seen to be at zero potential since it forms the 
equipotential surface which lies midway between the two spheres 
and since this plane goes to infinity the potential at infinity is 


If we now assume one sphere at zero potential and the other 
at a positive potential of such a value as to make the relative 
potential between the two spheres the same as before, the elec¬ 
trostatic field distribution is no longer symmetrical about the 
plane midway between the spheres, that is, the field has been 
changed though the relative potential between the spheres is the 
same. A diagram of the electrostatic field, under these condi¬ 
tions, IS shown in Fig. II at the end of Vol. I, Electricitv and 
Magnetism, by Clerk Maxwell. In this diagram, Q is the 
spherical surface at zero potential and. A, the other sphere at a 
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positive potential. The concentration of the field about, A, will 
be observed. This is quite a different matter from the effect of 
floor, walls, etc., of the room. I have taken the liberty of calling 
attention to this fact because it has puzzled me considerably 
and may have bothered others also. The above remarks, of 
course, do not apply to the case of two bushings in proximity, 
in which case the fields of the two bushings would have to be 
treated as one. 

Conclusions 

In general, the results of tests on the above high-air-efficiency 
bushings were not very encouraging from the point of view of 
building a satisfactory commercial bushing of this type. How¬ 
ever, if the above suggested explanation of the discrepancy 
between theory and test were found to be correct, that is, if the 
disturbing influence is due to corona at the joints between the 
13orcelain and electrodes, it should be possible to eliminate it by 
electrostatic, shielding of these joints. This might eliminate all 
the lowering of arc-over except that due to rain or sprayed 
surfaces, and, therefore, might give us a useful bushing for in¬ 
door use, especially on testing transformers, where the impulse 
safety factor is not important. 

Investigation of the Discrepancy Between Calculated 

AND Test Arc-Over Voltage of Experimental High-Air- 
Efficiency Bushing 
Joint Effect 

The following tests were carried out in order to obtain an 
experimental check upon the explanation offered above which 
was based upon the assumption that a corona ring formed pre¬ 
maturely at the joint betw^een the supporting dielectric and the 
electrodes. 

Large plane electrodes with smoothly rounded edges were 
spun up of brass of the form shown in Fig. 19. The object of the 
design was to obtain as nearly as possible, a uniform field between 
the electrodes without disturbing edge effects. The sixty-cycle 
arc-over voltage was then obtained at various spacings, with 
planes alone, and when provided with small rings, hemispherical 
bosses and points. The results are given in the form of curves in 
Fig. 19. 

It will be observed from the data given on the planes alone 
that the field between them is not accurately uniform since the 
breakdown gradient changes with the spacing and is in general 
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lower than 21 kv. effective per cm. the approximate strength of 
air at these large spacings. The arc-overs were, however, well 
distributed and did not show a tendency to take place at the 
rounded edges. The 200 kilocycle impulses arc-over of the 
planes is given on the curve, and approximately represents the 
true strength of air under uniform field conditions, as the edge 
effect does not seem to greatly lower the impulse arc-over. 

To show roughly the effect of hemicylindrical bosses small 
copper rings | in. (0.318 cm.) cross-section were used. Two 
diameters for the rings were tried first, one-inch (0.254 cm.) 



diameter and secondly, four-inch (10.15 cm.). The results were, 
however, not appreciably different and, therefore, the averages 
are shown, first for the case of a single ring on the upper plane, 
and secondly for a ring on each plane. The rings were not made 
half-sections because it was not thought necessary for such rough 
tests. Of course the effect produced by the ring is not rigorously 
equivalent to a straight hemicylindrical boss except where the 
cross section of the ring is exceedingly small and the diameter of 
the nng extremely large in comparison. 

The hemispherical bosses used had a radius of | in. (0.318 cm.) 
JNo appreciable difference was observed between the case in which 
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a boss was placed on one or on both planes, and, therefore, a 
single curve is shown. 

The points or cones which were employed were approximately 
30 deg. and I in. (0.635 cm.) high and had rather dull points. 

From the previous discussion we saw that the apparent arc- 
over gradient when hemicylindrical bosses were placed upon the 
planes should be, assuming any corona formation to be unstable 
somewhat above 10.5 kv. eff. per cm. due to the so-called energy 
distance effect’’ which requires that the surface gradient exceed 
the breakdown strength of air. The rough tests given above 
indicate an apparent surface gradient of about 13 kv. eff. per cm. 
Observation in the dark indicated that arc-over takes place 
without previously showing corona. 

A similar explanation probably suffices to explain the difference 
between the apparent arc-over gradient, as discussed above, for 
the case of a hemispherical boss which indicated that on the 
assumption of unstable corona formation the arc-over would 
take place at an apparent gradient somewhat above 7 kv. eff. per 
cm. In test the apparent gradient was found to be about 10 kv, 
eff. per cm. No corona could be observed in the dark before 
arc-over. 

The case of the small points on the planes is not so easily cal¬ 
culated but is interesting in showing the extreme condition. 
Observation in the dark showed streamers froni the point to the 
plane just below the arc-over voltage, sometimes resulting in 
arc-over and sometimes going out, the appearance being like very 
fine so-called ^'static sparks” and not a corona like glow. 

Surface Effect 

Tests in Air and Oil. We have seen that the explanation of the 
discrepancy between calculated and test arc-over voltages of the 
high-air-efficiency bushing can be fairly satisfactorily explained 
on the assumption that the joint between the porcelain and metal 
of the electrodes was the disturbing influence which brought 
about the reduction in arc-over voltage. It has also been pointed 
out that, if this were the true explanation, it should be possible 
to eliminate the effect by proper electrostatic shielding of the 
joints. The following preliminary tests were, therefore, carried 
out in order to roughly check the assumption experimentally. 

For this purpose the two brass electrodes used in the previous 
tests were available, and in addition a second pair of planes were 
spun up on exactly the same form, except that the annular 
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grooves were added as shown in Fig. 20. The object of the 
grooves was to supply an electrostatic seal for the edge of the test 
piece (a glass cylinder in these tests). It is believed that in this 
manner we have shielded the joint between the test piece and the 
electrodes, and, therefore, should have eliminated any disturbing 
influence which might arise from the joints. An imaginary 
sketch of the electrostatic field about the grooves has been drawn 
which is also a detail drawing of the groove. Reference may also 
be made to Figs. XI and XIII, at the back of Vol. I, Electricity 
and Magnetism, by Clerk Maxwell, which show the screening 



Fig. 20 


effect of plates and gratings, which are somewhat analogous cases. 
Under these conditions the introduction of the glass cylinder of 
high specific inductive capacity in parallel witlvthe air dielectric 
should have no effect upon the arc-over voltage, providing the 
strength of air is not different when in contact with the test piece. 

The data obtained using various test pieces between the 
smooth and grooved planes in air and oil are summarized by the 
curves. Figs. 21 to 25. During the tests the barometer varied 
between 74.5 76. cm. Hg.; the temperature between 23 deg. 
cent, to 27 deg. cent, and humidity between 34 per cent to 
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53 per cent. The effect of these variations did not show them¬ 
selves above the experimental errors involved in the tests and 
therefore all the data were averaged together. The glass cylinders 
used as test pieces were ordinary soda glass approximately 2.5 
inches (6.25 cm.) diameter with a wall thickness of about 0.07 
inches (0.18 cm). In all cases minute longitudinal flaws were 
visible along the grain of the glass. The edges of the cylinders 
were roughly ground but the process left appreciable irregularities 
which probably would be sufficient to introduce corona dis-* 
turbances, if they are appreciable. 

Three conditions of the glass surface were inve'-^tigated: I— 



Fig. 21—Smooth Planes—Sixty Cycle Tests in Air 

Glass cylinders cleaned with absolute alcohol and dried with ,a 
cloth. This case is represented on the curves as dry glass (I). 

11—Glass cylinders cleaned as in (I) and then heated for about 
3 hours at 180 deg. cent. The cylinders were then removed from 
the oven, handling being done by means of dried fibre strips, and 
set up between the planes for test. Arc-overs’were taken while 
the cylinders were still hot and also after they had reached room 
temperature. The later condition is that referred to on the 
curves as dry glass (II). The hot arc-overs differed from the 
room temperature ones merely in proportion to the change in air 
density on the supposition of a heated film of air in the vicinity 
of the hot cylinders. 
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III—Wet glass cylinders. For these tests the cylinders were 
held under the water faucet just before tests were made. 

For the tests in which the cylinders were coated with paraffine, 
or oil, etc., the test piece was soaked in the hot material and then 
tested after reaching room temperature. 

The tests with hard rubber varied considerably as shown by 
the two curves. The upper curve is for hard rubber cylinders 
which had been re-surfaced with fine emery just before test. 
The lower curve shows the arc-over after the test piece had stood 
around the laboratory for a week or so. The tests with oiled 



Fig. 22 Smooth Planes—Sixty-Cycle Tests in Air 

hard rubber refer to cylinders which had been soaked in No. 6 
transil oil for a few days. 

Tests were also made on wound-up paper cylinders impreg¬ 
nated with compound. ' 

The tests using glass disks given on curve sheet Fig. 22 were 
intended to show the effect of breaking up the surface first by the 
natural irregularity of the piled up disks (see Fig. 26), secondly 
with larger glass disks inserted at intervals, and thirdly with 
metal disks inserted at intervals. The glass disks were 0.075 in. 
(0.19 cm.) thick and 2 in. (5 cm.) and 4 in. (10 cm.) diameter 
and had roughly ground edges. The metal barriers were 5 in. 
(12.7 cm.) in diameter^and.O.Oig in. (0.048 cm.) thick. 
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The under-oil tests were carried out in a large wooden oil tank 
containing No. 6 transil oil, testing 40 kv. between 0.5-in. (1.27 
cm.) terminals at 0.2 inches (0.51 cm.) spacing. 

The impulse tests were made using F. W. Peek’s impulse 
generator with an impulse resembling half a cycle of a 200 
kilocycle sine wave. The voltages given are on the assumption 
that arc-over occurs at the top of the sine wave impulse. 

A few tests were made using glass tubes and hard rubber 
cylinders having different diameters, so as to see whether the 
arc-over was affected by changes in the surface resistance be- 



Fig. 23—Grooved Planes—Sixty-Cycle Tests in Air 

tween the planes. The tests did not, however, show any varia- 

tion from the previous ones. _ ^ ^ 

The incompleteness of the data and the irregularities which 
occurred between' different samples of the same material as we 
as the rather crude methods of test make any conclusions rather 
questionable. I am, however, inclined at present to the followmg 
conclusions. 

If all precautions were taken to absolutely free the test samples 
from moisture, and furthermore, if practically perfect join s were 
made between the test samples and the planes, either y e ec ro 


21. See footnote 17t 








statistically shielding the joints or by mechanical fit, I believe 
that the presence of insulation in parallel with air or oil, etc., in a 
uniform field would not result in a breakdown lower than that of 
the weakest material. When, however, the joint is not carefully 
made, I believe that premature breakdown occurs at the joint 
when a high inductive capacity material is placed in parallel with 
a lower inductive capacity material. 

When dealing with dielectrics, which have been cleaned and 
dried, with what would be considered great care in the household 
sense of the word, there appears to be a very large reduction in 

arc-over under the conditions 
‘ I T~[ here discussed, namely, under 

_uniform field conditions, depend- 

-ing upon the character of the 

jar— material which cannot be ac- 

counted for by joint effect. In 




Mth Planes alone j 
)und Planes alone I 
ss Grooved Planes 

Rubber and Glass Discs 
^Glass and Paper —~ 
Smooth Planes 
Failure by Puncture) ” 


SPACING Between planes c m 

Fig. 24—Impulse Tests in Air- 
200 Kilo-Cycles 


SPACING BETWEEN PLANES CM 

Fig. 25-~Sixty-Cycle Tests 
IN Oil 


general, it may be further pointed-out that materials such as 
dean new hard rubber, oiled, or paraffined surfaces, which Mr. 
Harvey L. Curtis has shown have a high surface resistivity under 

IheTsf ’^-^l^down under 

noLf of a purely electrostatic 

should no/ il- ^ and uniform manner it 

should not result in any reduction in the arc-over of the test 

^s_^t he equip otential surfaces of conduction would coincide 
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with electrostatic ones and no distortion or increase in stress 
would thereby result. If, therefore, the reduction is to be 
attributed to surface leakage or conduction, this effect must be of 
an erratic and discontinuous nature. 

It would be of considerable theoretical interest to test this con¬ 
clusion experimentally. For example, I believe that a suitably 
high resistance and homogeneous metallic film could be obtained 
on a glass cylinder by subjecting it either to a cathode spray 
or by volatilization in a high vacuum. Some tests were tried in 
which ground-glass cylinders were coated with graphite, etc., 
but without satisfactory results. 




Fig. 26 


I believe that a thorough and accurate investigation of this 
phenomena would be of considerable practical as well as theoreti¬ 
cal interest. 


Revise© Arc-over Calculation of High-Air-Efficiency 

Bushing 

A revised calculation ©f the arc-over voltage of the high-air- 
efficiency bushing may now be made which takes into account 
the surface and joint effects. We have seen previously that 
the surface arc-over of the bushing in air should take place under 
ideal conditions at about 150 kv. effective. Now, since the 
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electrostatic conditions along the surface are practically identical 
for the bushing and for the test pieces between the smooth planes, 
a direct comparison is legitimate except for the fact that a glass 
surface is probably not identical with a glazed porcelain surface. 
Nevertheless the comparison is of interest. 

Arc-over of Arc-over of 

High-Air-Efficiency Smooth Planes 

Bushing 7.3 cm. Spacing 


Tests in Air 


Average of dry and oiled 
smooth porcelain surfaces 

60 cycle, 73 kv. effective 
Impulse, 117 kv. effective 
Surface wet with city water 
60 cycle, 23 kv. effective 


Smooth porcelain surface 
60 cycle, 122 kv. effective 


Average of dry and oiled glass 

60 cycle, 67 kv. effective 
Impulse, 90 kv. effective 
Surface wet with city water 
60 cycle, 21 kv. effective 


Tests in Oil. 


Glass cylinder, 
140 kv. effective 


In conclusion it should be observed that if we are forced to use 
s'^pporting dielectrics, which show large surface effects, we must 
consider this fact when we form any criterion for the best use of 
air or oil in combination with the supporting dielectric. If we 
assume that our surface of .discontinuity between the air part of 
the dielectric and the solid or supporting dielectric, for instance 
glass, is greatly weaker than air alone, for example—only stands 
a potential gradient of 7.3 kv. effective per cm. instead of 21 kv. 
effective as would probably be the case if perfectly dry and clean; 
then considering this feature alone, we see that in order to use 
both materials most efficiently, the component of the potential 
gradient along the surface should not exceed 7.3 kv. effective 
per cm., whereas the air itself should be used to its full strength 
of 21 kv. effective per cm. Thus, the component of the potential 
gradient normal to the surface should beG = - 7.3^ = 

19.7 kv. effective per cm. or the flux lines should make an angle 
of approximately 70 deg. from the surface. This is practically 
the condition existing in the so-called “Radial Type of Field” in 
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which the supporting dielectric and air are approximately in 
series in a radial field. It will be seen that when considering 
ordinary materials from which bushings are usually made that 
this surface effect practically requires us to go to the radial type 
of field in constructing a bushing. 

Calculation of the Arc-over of the Test Piece, Described 
AND Tested by C. L. Fortescue and S. W. Farnsworth.^^ 
The electrodes consisted of confocal hyperboloids of revolution 
of two sheets. The equation of the hyperbolas which constitute 
the generating curves were obtained from the description and 
Fig. 20 of the paper as follows: 



Where _ 

f = V = 1 in. the semi-focal distance, 

and a = 0.875 in. 
c = 0.485 in. 

from which we have 

^2 _ 

(0.875)2 (0.485)2 

The ellipsoidal hard-rubber supporting dielectric is cut out by 
rotating the ellipse whose equation was determined in a similar 
manner to be 



= \/ a 2 — 52 = 1 in. 

b = 3.1 in. 
a = 3.26 in. 

1 

(3.26)2 -t* (3 1)2 

Reference to Fig. 18 or 19 of the appendix shows that the hypo- 
bola No. 27 is very approximately the one corresponding to that 
used for the electrodes. The ellipse bounding the hard rubber 
is No. 22 counting out fro m the focal ellipse as 0. __ 

23. See footnote 1. 

24. See p. 863 and Figs. 1 and 2 of the appendix. 


Where 

and 

and 
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Assuming the breakdown strength of air as 21 kv. effective 
per cm. and perfect dielectrics, corona would start at the junction 
between the hard rubber and electrodes at 205 kv. eff. If we 
further assume that the corona formation is unstable arc-over 
should occur assuming perfect dielectrics without surface or 
joint effects at about this value. The factor which takes.into 
account the reduction in arc-over, due to what has been called 
surface and joint effect, for the case of hard rubber in parallel 
with air in a uniform field, in which the full value of the gradient 
IS along the surface, is applicable in this case. The tests 
have shown that a factor of about 73 per cent should be 
applied to the value as calculated neglecting this effect. Thus, 
the calculated arc-over of this structure is about 150 kv. effective, 

e test results reported by Portescue and Farnsworth were 
given as 160 kv. effective. 

Outline of Some of the Possible Methods for Increasing 
THE Efficiency of the Use of the Supporting 
Dielectric 

In the previous discussion on bushing design attention has 
been principally directed towards studying the possibilities of an 
efficient use of the air dielectric. Theoretically, the ideal bushing 
would be that in which the whole dielectric is used to its maxi- 
mum efficiency, that is, it would be on the point of breakdown 
simultaneously at all points. Therefore, it is interesting to study 
the possibilities of increasing the efficiency of the use of the solid 
or supporting dielectric. For example, inspection of the diagram, 
hig. 14 shows that the supporting dielectric in a bushing built 
along these lines is not used to its maximum strength except right 
near the rod and edge of the hole in the tank. Therefore, if it is 
possible by some means to redistribute the stress in the solid 
dielectnc so as to bring about a more uniform condition, it would 
be possible to greatly reduce the diameter of the bushing as a 

whole. The following are some of the possible methods which 
might be employed. 

I—Theoretically we could bring about the desired condition 
provided we had suitable dielectrics of various inductive capaci¬ 
ties and dielectric strengths. We could then place the high 
inductive capacity materials near the rod and edge of the hole 
in the tank putting the lower inductive capacity materials in the 
^s dense parts of the field and in somd such manner as this bring 
about the condition in which all the dielectrics used were stressed 
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to their maximum strengths. This is the well known principle of 
graded insulation. Unfortunately there is not a very wide varia¬ 
tion in the inductive capacities of the materials which are avail¬ 
able in practise. 

II— If there were available extremely high resistance materials, 
or dielectrics, we could construct a bushing which would main¬ 
tain a proper potential distribution by conduction through the 
dielectric. This might be called a resistance bushing. A graded 
resistance bushing would also be possible. 

III— Another method is to insert artificial equipotential sur¬ 
faces and thereby control the stresses in the manner which 
we desire. In order to effect the desired distribution of 
stresses the artificial equipotential surfaces must be maintained 
at the proper potentials. Some of the methods which can 
theoretically be used for this purpose are as follows: 

A. Metallic connection to a proper source of potential. For 
example, to transformer taps or external balancing resistances, 
inductances or capacities, etc. A balancing resistance might even 
be embedded in the dielectric. 

B. By conduction through the supporting dielectric. This 
would be similar to the resistance bushing mentioned above 
except that the distribution of the conduction current could be 
modified, in various ways, by the insertion of artificial equipoten¬ 
tial surfaces. 

C. Electrostatically (or the well known condenser principle)^^ 
in this case we have the balancing condensers embedded in the 
supporting dielectric, and, at the same time, forrning the arti¬ 
ficial equipotential surfaces. Of course graded insulation is also 
applicable to this type of bushing. 

Theoretically where artificial equipotential surfaces are used 
they could be extended through the surface of the solid or sup¬ 
porting dielectric into the air part of the field where they could 
be used to assist in bringing about the desired field distribution, 
and at the same time, even be made to act as petticoats to shield 
the surface from rain, etc. 

Obviously the possibility exists of making various combina¬ 
tions of the above principles. 

When the practical difficulties of utilizing the above methods 

25 R Nagel Elektrische Bahnen und Betriebe, 1906, p. 278; A. B. 
Reynders, A. I. E. E., Trans., 1909, Vol. XXVIII, Part I, p. 209; C. L. 
Fortescue, Electrical Journal, August 1913, p. 718; W. S. Franklin, Journal 
of the Franklin Institute j July 1913. 
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are considered it appears that case III alone, or possibly in com¬ 
bination with grading by inductive capacities, is the most feasible 
at the present time. Therefore, a brief study of this case was 
undertaken making use of the electrodynamic method. 

Preliminary Study of the Use of Artificial Equipotential 
Surfaces or Potential Equalizers 
Diagrams of Figs. 27 and 28, were taken as a preliminary study 
of the effects produced by forcing a uniform distribution of 


6 7 fl 9’ 10 111213 15 20 25 30 36 42 



potential gradient in the solid or supporting dielectric by the use 
of cylindrical artificial equipotential surfaces. Diagram, Pig. 27, 
shows the effect when the radial-field type is used on' the air 
end and diagram, Fig. 28, for the uniform-field type. The 
under-oil ends ,are what might be termed semi-radial. 

At the outset, it should be noted that it is necessary to study 
both the air and oil ends simultaneously if they are not symmetri- 
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cal, otherwise the problem is indeterminate. Briefly the method 
of experiment was as follows: The skeleton electrodes, for Pig. 27 
consisted of a plane with cylinder (ground shield) and a central 
rod provided with a tin disk at both ends. The disk on the under¬ 
oil end was put in so as to make a definite field in which to end 
the artificial equipotential surfaces. If this were not done the 
bushing would be greatly affected by the piece of apparatus in 


IS 20 22 24 26 28 32 36 40 50 



which it was afterwards used. I believe that this feature is quite 
important. The ground shield was used in order to relieve the 
stress on the air above the oil level, as usual, and was projected 
into the air end so as to shield the joint which would be necessary 
in construction. Five tin quarter-cylinders were then added as 
the artificial equipotential surfaces. These were constructed 
of two pieces so that they could be telescoped, thereby mahing it 
possible to change their length and the position of their ends 
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both in the air and oil parts of the field. ' The adjustment was 
accomplished by a system of strings so that different positions 
could be tried while experimenting with water in the box. The 
apparatus was set up in this manner and the position of the 
cylinders in the air and oil ends adjusted until the potential gra¬ 
dient between the cylinders was as nearly equal as could be easily 
predetermined. It was during the course of this work that it 
was found necessary to add the tin disk at the top of the bushing, 
(See Fig. 27) in order to have a dense field in which to end the 
two inner cylinders. If this were not done they would have had 
to be either too close to the under-oil disk which would mean too 
great a stress at the bottom of the under-oil end, or greatly 
extended in the air end. In the latter case the resulting bushing 
would have been much higher than seemed desirable for the 
preliminary work where an exaggeration of effects was desirable. 
Naturally, the position of the potential equalizing cylinders may 
be almost anything, that is, the potential of any of the cylinders 
could be brought to the desired value either by adjustment ot 
the ends of the cylinder in the air or oil end. Such an arbitrary 
arrangement, without regard to the stresses brought about on 
other parts of the bushing, would obviously result in an imprac¬ 
tical design. For instance, it might result in bad stresses at the 
ends of the cylinders and outside of them at the expense of the 
uniform gradient thus obtained within. In both diagrams the 
object was to obtain, as nearly as possible, equal gradient within 
the cylinders, and at the same time, obtain the best external 
field consistent with this requirement. Naturally, in practise 
It would probably be best to compromise between the internal 
and external parts of the field but for a preliminary study it 
seemed best to take one object to start with and study the 
consequences. 


• When the diagram was completed, it was found that the pre¬ 
liminary adjustment had not actually obtained the uniform 
gradient in the solid material as had been attempted. For 
^ample, the distnbutions between the various artificial equipo- 
tential surfaces starting from the ground shield were as follows: 
(bee Figure 27). 

I —Number of lines. 0 

Average gradient. 5 ' li^es 


2.92 cm. — 2.05 


6.4 

6.4 lines 
3.94 cm. = 1.62 


II —Number of lines... 
Average gradient 







1917 ] 


RICE: ELECTROSTATIC PROBLEMS 


961 


III —Number of lines. 7. 

Average gradient. 7 lines 

4.2 cm. ==1*66 

IV—Number of lines. 6.5 

Average gradient. 6.5 lines 

3 .3cm. =1-97 

V —Number of lines. 10 

Average gradient. 10 lines 

3 .8cm. =2.64 

VI —Number of lines. 14 

Average gradient. 14 lines 

2.16 cm. =6.5 


No attempt was made to obtain a low gradient in the last case, 
as it was contemplated to select the equipotential surface of the 
inner cylinder as our rod with cap. 

Inspection of Fig. 27 will show that a concentration of the 
field at the top and bottom ends of the bushing has resulted 
from forcing the nearly uniform gradient between the cylinders. 
It should also be observed that the capacities of the concentric 
cylinder condensers formed by the artificial equipotential sur¬ 
faces have no definite relation, under these conditions, where 
the effect of the caps and assymmetry of the problem introduce 
large effects. For example, assuming as the length of the con¬ 
densers the mean height of the two adjacent cylinders we have 
for the capacities starting from the ground shield. 


^ mean height 

^ ^ , R 

log.— 

II C proportional to 


III C 


IV C 

V C 


VI c 


25.2 cm. 
loge 1.16 


25.2 

= 170. 


" 0.148 


33.3 cm. 

33.3 

131. 

log* 1.29 

0.255 

59.4 cm. 

59.4 

166. 

log* 1.43 

0.358 

.86.0 cm. 

86 

205 

log* 1.52 

0.419 


.94.2 cm. 

94.2 _ 

103 

log* 2.5 

“ 0.916 


. 100 cm. 

100 


log* 6.7 

1.90 

03 
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I wish^to emphasize caution against any conclusions which might 
be drawn from the above values for the capacities; for an entirely 
different adjustment of the lengths of the cylinders could ob¬ 
viously be obtained which would still give equal potential 
gradient between the successive cylinders and in which the 
capacities calculated as above would have entirely different 
values and interrelations. 

Before leaving the discussion of this diagram it may be inter¬ 
esting to note that if we built a bushing along these lines; for 
example, if we selected equipotential surface No. 36 as our cen¬ 
tral rod with cap and equipotential surface No. 0 as plane with 
ground shield, corona would start at the top of the bushing at 
about 238 kv. effective and would probably arc-over slightly 
above this value. The average voltage per cm.vof height of this 

bushing would be = 3.4 kv. effective per cm. 

70 cm. ^ 


Diagram, Fig. 28 was taken using the same electrode configura¬ 
tion except that the large skeleton cap was put in place of the 
small one used for Fig. 27. The position of the cylinders was 
adjusted with the same objects in view as for the previous 
diagram. 

The distribution of potential between the various artificial 
equipotential surfaces starting from the ground shield will be 
seen to be as follows: 

(See Diagram, Fig. 28). 

I. —Number of lines. 6.5 

Average gradient.==2.13 

3.05 cm. 

II. —Number of lines.7. 

Average gradient. =1.77 

3.94 cm. 

III. —Number of lines. 7.5 

Average gradient. - =1.90 

3.94 cm. 

IV. —Number of lines. 6. 


Average gradient 
V. —Number of lines... 


6 lines 
3.55 cm. 
10 


1.69 


10 lines 
3.82 cm. 


Average gradient 


= 2.62 
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VI.—Number of lines. 13 

Average gradient. —=60 

2.16 cm. 

As before, no attempt was made to obtain a low gradient inside 
of the small last cylinder as it was contemplated using this 
equipotential surface for the rod with cap, as in the previous case. 

The capacities of the adjacent cylinders considered as con¬ 
centric cylinder condensers, starting from the ground shield, 
are as follows: 


I.— 


II.— 


III.— 


IV. — 

V. — 

VI. — 


^ mean height 

_ 24.9 cm. 

24.9 

. , R 

log* — 

log* 1.17 

0.157 

C proportional to. 

32.8 cm. 
'■ log* 1.27 

32.8 

0.239 

a u ii 

51 cm. 

51. 


log* 1.41 

0.344 

i( a ic 

73 cm. 

73 


■ • log* 1.56 

0.445 

li ii a 

86 cm. 

86 


•■■log* 2.5 

0.916 

li li a 

99 cm. 

99 


■■ log* 6.7 

1.90 


158 

138 

148 

164 

94 

52 


As in the previous case, caution should be urged against hasty 
conclusions drawn from the above capacity values, for in this 
case also an entirely different adjustment would be possible in 
which the magnitudes and interrelations between the capacities 
would have very different values. 

In designing a bushing from this diagram we might select 
equipotential surface No. 38 for the rod with cap and equipo¬ 
tential surface No. 0 for the plane with ground shield. A straight 
cylindrical shell would be added enclosing the central core and 
the ground shield. The resulting distribution of the potential 
on the air end of such a bushing would be approximately uniform. 
Under these conditions corona would start at the cap on the 
air end at about 440 kv. effective which gives an average gradi¬ 
ent along the surface of 7.75 kv. effective per cm. 

The tests made on glass cylinders in a uniform field in which 
the surface breakdown gradient was found to be about 9.2 kv. 
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per cm. indicate that the air end of this bushing is about as 
short as practical assuming good surface conditions. A shell 
would also be added to the under-oil end of the bushing enclos¬ 
ing the ground shield. Inspection of the under-oil end shows a 
concentration of the field about the cap. Also in view of the 
under oil arc-over tests on glass cylinders and hard rubber 
it looks as if the under-oil end is about as short as possible. 
The diameter of this bushing is evidently larger than necessary to 
withstand puncture as will be readily seen by comparing the 
thickness of insulation used with that found in practise to be 
necessary.^® It will also be observed that the ratio of external 
diameter to rod diameter as used in practise is considerably 
less than that used for these preliminary experiments where it 
was about 8, if we take the inner equalizer as our rod with caps. 
For example, the ratio between outside diameter to rod diameter 
varies in practise between 2.3 and 3.7. With these relatively 
small diameter ratios the gradient without artificial equipoten- 
tial surfaces would not be very far from uniform to start with 
(see diagram, Fig. 10). There is, therefore, very little potential 
equalizing to do. In our tests, however, we have taken a ratio 
of about 8, which means that we have an exaggerated con¬ 
dition and considerable equalizing to do. 

This immediately brings up the question as to whether the 
small diameters of the condenser bushings is due to the equaliz¬ 
ing effect of the tin-foil layers in bringing about uniform poten¬ 
tial gradient, or whether the effect is not largely due to the sub¬ 
division of the solid material by metallic barriers as well as 
the laminated structure of the dielectric itself, thereby increasing 
the apparent strength of the structure, (an effect analogous to 
the use of solid barriers, pressboard, etc.) in liquid dielectrics. 
This matter will be briefly discussed before leaving the subject. 

It should be observed that there is no definite proper ratio 
between the diameters of the central rod and the hole when 
artificial equipotential surfaces are used in this manner. It 
is, however, undesirable to use too small a central electrode 
because this means that more redistribution of stress has 
to be brought about by the artificial equipotential sur¬ 
faces. This in general necessitates either too long a bushing or 
an excessive stress at the ends. If we select a ratio of rod to 
hole diameter which gives more nearly equal gradient at the 

26. See “Construction and Application of the Condenser Terminal”, 
by J. E. Mateer, Electrical Journal, August, 1913. 
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edge of the hole and rod without artificial equipotential surfaces, 
we will have less potential equalizing to do which will probably 
be found advantageous. 

Experimental Bushing with Artificial Equipotential Sur¬ 
faces, Uniform-Field Type 

A bushing of the uniform-field type was built from a photo¬ 
graphic reduction of Pig. 28. It has been pointed out that 


0123456789 lO 



in taking the diagram the artificial equipotential surfaces 
were adjusted so as to give an approximately uniform distribu- 
tion of stress in the solid or supporting dielectric, while at the 
gamp- time we attempted to produce as good an external field 
distribution as could be foreseen before the diagram was actually 
completed. 

Fig. 29 shows the outline of the bushing drawn on the 
diagram of Fig. 28. The electrodes were not made to rigorously 
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conform to any of the equipotential surfaces in the diagram as it 
did not seem necessary to do so, since the field will probably 
not be greatly changed by the deviations made. A groove was 
put in the cap on the air end to electrostatically shield the 
joint between the supporting dielectric and the air. The con¬ 
denser core of the bushing was made of wound-up shellac paper 
with tin-foil layers at intervals of 1/16 in. It was turned 
down to the shape shown in Fig. 29 and then stepped off as 
will be seen from the photograph Fig. 30. 

A shellac paper cylinder enclosed the air end of the bushing 
and the shell for the under-oil end was built up of hard-rubber 
rings. Sarco, an asphaltic compound, was used as filler. 

Arc-Over Voltage as Calculated from the Diagram 

An inspection of Fig. 29 will show that the gradient on the air 
end is very nearly parallel to the surface of the containing 
cylinder and is approximately uniformly distributed being some¬ 
what higher near the top. The maximum gradient on the air 
end is seen to be on the cap away from the surface. Under these 
conditions corona should start on the cap at about 90 kv. effective 
as calculated from the diagram making allowance for the fact 
that the cap used did not rigorously conform to any single equi¬ 
potential surface of the diagram. The bushing is 15 cm. high 
and therefore the average gradient along the surface would be 
6.7 kv. eff. per cm. 

Inspection of the under-oil end shows that a concentration of 
stress has resulted on the cap from forcing the uniform internal 
stress by the artificial equipotential surfaces. The distance be¬ 
tween lines No. 22 and 28 (6 lines) where the under-oil shell 
meets the cap is 0.8 cm. thus we have 7.5 lines per cm. 
Tests on the under-oil arc-over of rubber cylinders between par¬ 
allel planes gave a surface arc-over gradient of about 23 kv. 
effective per cm. Assuming this data to apply in this case, arc- 
over of the under-oil end of the bushing should take place at 

30 

about -=—r X 23 = 92 kv. effective. 

/. 0 

It will be observed from these calculations that the air and 
under-oil ends are about equally strong. Before the tests were 
made it was therefore doubtful which end would arc-over first 
as the calculations are necessarily only approximate, since we 
have not actually followed the equipotential surfaces of the 
diagram. 
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Sixty-Cycle Dry Arc-Over Tests 
These tests were made with the plane grounded: 


Arc-over voltage..86 kv. effective 

Average gradient along surface.5.7 kv. per cm. 


Arc-over took place clear of the surface from the cap to the 
plane. Upon applying the voltage for the third time the bushing 
apparently punctured either inside of the shell or under oil at 
76 kv. effective. Inspection did not indicate an under-oil arc- 
over and therefore the bushing had to be taken to pieces in order 
to determine the cause of failure. This process necessitated 
destroying the bushing as it is difficult to get the compound out 
in any other way. The investigation showed that the result of 
failure was due to an arc-over of the bushing on the air end along 
the inside surface of the containing shell. A large blister about 
l}/2 in. (4 cm.) long was found at this point which had held the 
compound away from the surface and thus left an air pocket 
which weakened the inside surface and resulted in the failure. 

I was disappointed not to be able to obtain wet arc-over, 
impulse arc-over and under-oil arc-over, but did not believe that 
these results would warrant rebuilding a bushing of this sort for 
it is quite certain that the results would be low, for the same 
reasons which were met with in the tests on the high-air-efficiency 
bushing and from which it was concluded that a more nearly 
radial type of field is generally desirable in practise. 

A reference to Fig. 10, will show that in the radial-field 
type of bushing the natural equipotential surfaces are ap¬ 
proximately cylindrical in form and therefore it will be 
impossible to produce any considerable change in the potential 
distribution by means of cylindrical artificial equipotential sur¬ 
faces, unless they extend to a great distance in the air end, or 
unless a cap or hat, or the equivalent, is provided on the under¬ 
oil end, which changes the natural equipotential surfaces from 
the cylindrical form, and therefore, allows us to bring about a 
change in potential distribution by inserting cylindrical artificial 
equipotential surfaces. That is, if our inserted metal equipoten¬ 
tial surfaces do not differ in form from the naturally existing 
equipotential surfaces no effect in the potential distribution 
results from their insertion, regardless of number, spacing, etc. 
It is, therefore, useless to employ them unless they produce an 
effective increase in the apparent strength of the solid or support¬ 
ing dielectric by virtue of a subdivision of the dielectric into 
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elements. The following preliminary tests were, therefore, 
undertaken to check up this point. 

Effect of Barriers on Strength of Insulation 

It is well known that the strength of dielectrics decrease with 
increase in thickness. I believe that Lord Kelvin was the first 
to observe this effect for the case of air^^ in 1860. 

For example, assume that we have two parallel plane elec¬ 
trodes with such a gradual curvature at the edges that the 
gradient is always less at the edges than that in the uniform 
part of the field. If we then take measurements of the voltage 
required to breakdown various thicknesses of air, we find that 
the apparent strength of air as determined by the potential 
gradient necessary to cause breakdown decreases as we increase 
the spacing of the planes. At exceedingly small spacings the 
potential gradient required to produce breakdown may be very 
great, for example, tests recently made by P. W. Peek, Jr.,^® using 
2.54 cm. diam. spheres at 0.0035 cm. spacing gave as the dis¬ 
ruptive gradient 150 kv. effective per cm. As we increase the 
spacing the breakdown gradient for air apparently approaches a 
constant value of approximately 21 kv. effective per cm. at 
normal temperature and pressure. 

De La Rue and Muller investigated this effect^® for various 
spacings of parallel plane electrodes at constant pressure and 
temperature as well as the variation under constant spacing and 
varying pressure and concluded that, ‘‘The law of the hyperbola 
holds equally well for a constant pressure and varying distance 
as it does for a constant distance and varying pressure; the 
obstacle in the way of a discharge being as the number of mole¬ 
cules intervening between the terminals up to a certain point. 
Harris®® had previously found that a change in air density pro- 

24. Measurement of the electromotive force required to produce a 
spark in air between parallel metal plates at different distances. Pro¬ 
ceedings Royal Society, Feb. 23 and April 12, 1860, or Philosophical 
Magazine, 1860, or Papers on Electrostatics and Magnetism, p. 247-259 
Lord Kelvin. An account of these tests will also be found in. Electricity 
in Gases, J. S. Townsend, p. 346. 

28. Law of Corona and Dielectric Strength of Air, III., F. W. Peek, 
Jr., A. I. E. E., Trans., 1913, Vol. XXXII, Part II, p. 1767. 

29. Experimental Researches on the Electric Discharge with the 
Chloride of Silver Battery. Phil. Trans. Royal Society, Part I, 1880, 
p. 79-83. 

30. W. S. Harris, Phil. Trans. Royal Society, 1834, p. 230. 
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duced the same effect whether due to temperature or pressure, 
that is, when air is contained in an air-tight receiver, so that the 
density remains constant the potential difference between two 
electrodes required to produce a discharge was unaltered when 
the temperature varied from 50 deg. fahr. to 300 deg. fahr. 

If we immersed our electrodes in oil we would obtain a similarly 
shaped curve showing the relation between the disruptive 
gradient and spacing. The constants in the equations for air 
and oil would probably, however, be different. Again if we 
imagine our parallel plane electrodes embedded in some solid 
dielectric, for example glass, we would obtain a similarly shaped 
curve. For very great and very small spacings it is quite possible 
that all materials have the same apparent strength. 

Now, if we assume that our dielectric is homogeneous and 
isotropic and is a perfect dielectric in every respect (no conduc¬ 
tion, dielectric losses, etc,,) the equipotential surfaces for equal 
differences of potential would be equally spaced between our 
parallel planes. If we desired we could put in infinitely thin 
conducting sheets at any desired intervals without in any way 
changing the problem from a purely electrostatic point of view. 
For convenience we could space them at equal intervals so that 
the dielectric between any two adjacent metal equipotential 
surfaces between the planes was subjected to the same potential 
gradient. If we wished we could also metallically connect the 
inserted metal sheets to equal intervals on a balancing resistance 
shunted across our parallel plane electrodes, that is, connect the 
equipotential surfaces to a source of potential having the value 
naturally existing. Obviously nothing has been changed elec¬ 
trostatically by any of these processes and'therefore it is evident 
that we can confine our attention to the dielectric included 
between any two equipotential surfaces, and if we now raise the 
potential between our parallel plane electrodes the potential 
gradient on the dielectric between the two equipotential surfaces 
which we have selected to watch will increase until finally break¬ 
down will occur when the gradient exceeds a certain value called 
the strength of the material. It is observed that nothing has 
been said about the actual thickness of the section of the dielec¬ 
tric between our two metal equipotential surfaces under observa¬ 
tion. In other words, we might in one case insert a great number 
of equipotential surfaces dividing the dielectric into exceedingly 
thin layers and in another case use fewer metallic surfaces and 
have thicker insulation under observation. When considering 
ideal dielectrics from a purely electrostatic point of view, as here 
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described, I think that it is clear that the actual thickness of the 
dielectric should have no influence upon the breakdown strength. 
For it should not make any difference whether we inserted 
isolated thin metal equipotential surfaces or left them out, or 
inserted them and connected them to a proper source of potential. 
Nothing that we could detect from a purely electrostatic view 
point has been changed. It is also interesting to observe that a 
uniform leakage current should not affect these conclusions 
provided the heating effects were taken care of, since the equipo¬ 
tential surfaces for current flow would coincide with the elec¬ 
trostatic equipotential surfaces and no potential distortion would 
result. 


The fact that we observe a difference 
in the apparent strength of dielectrics ;; 

with different thicknesses, which is * 

contrary to the above electrostatic 
reasoning, based on the assumption that HT,, 

the metal equipotential surfaces could_ \ _ 

be inserted without changing the break- I 

down strength, makes it interesting to 

determine what does take place in Barriers (soisc^^ 

X- 1 1- 1 . • • 1- • 1 I ;; "Pressboardr6(9xl2) 

practise when a dielectric is divided up ;; 

in this manner. Obviously when we con- 

sider the case of the metaUic equi- Fig. 31 —Arrangement 
potential surfaces connected to the ^ Pressboard and 
proper sources of potential, the break¬ 
down strength must be the same for a given spacing between 
the surfaces or thickness of dielectric, no matter how many 
are connected in series, or what is the same thing, regard¬ 
less of the total thickness of insulation under test, for each 
element forms , a separate test piece isolated between the two 
metal surfaces and connected to a definite potential. The inter¬ 
esting thing therefore is a comparison of the dielectric strength 
of a given thickness of insulation with and without isolated 
metallic barriers placed at various spacings. 

I am sorry that the experimental results, which I have to 


Fig. 31 —Arrangement 
OF Pressboard and 
Barriers 


offer, are so crude and incomplete, but if they will serve the pur¬ 
pose of starting some one on a more complete investigation of 
this subject I will regard them as having served a good purpose. 
I believe that a complete investigation of this subject would 
lead to a great deal better understanding of the true mechanism 
of the breakdovm of insulations, or the theory of ionization by 
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collision which of course offers a qualitative explanation of the 
phenomena. 

Tests to Determine the Effect of Barriers on Solid and 

Gaseous Insulation Under Uniform-Field Conditions 

The first set of tests recorded below in Table I were made on 
sheets of oiled pressboard 1/16 in. (0.16 cm.) thick. The barriers 
and pressboard were sealed together under No. 6 transil oil and 
then placed between the parallel plane electrodes as shown in 
Fig. 31, the whole then being immersed under No. 6 transil oil 
at 25 deg. cent, for test. 

The object of using solid metal barriers and comparing their 
effect with wire-gauze barriers was to see whether the mean 
velocity of the particles or ions in the solid dielectric, which 
must precede rupture, was sufficiently higlT to allow an appre¬ 
ciable number, to pass through the openings in the gauze, 
whereas they should all be stopped by a metal sheet. Elec¬ 
trostatically the gauze should not be essentially different from 
the solid metal sheet. 


table I 

Instantaneous GO-cycle puncture tests in No. 6 transil oil at 25 deg.- cent, on dried 1/16 in. 
oiled pressboard. The average of 5 readings are given. A maxiinuTn variation of 2 kv. 
existed between individual raedings. 


No. of sheets 
of pi'essboard each 
0.16 cm. thick 

60-cycle puncture 
kv. effective 

Average gradient 
kv. off. per cm. 

Number of isolated 
barriers. 

1 

70.5 

445.0 

no barriers 

2 

11.3.0 

355.0 

U It 

3 

164.5 

345.0 


2 

117.0 

.368.0 

1 tin barrier 

2 

124.0 

390.0 

Fine copper gauze 

2 

121.0 

.380.0 

Coarse copper gauze 


The points of puncture were well distributed over the surface 
of the insulation and in no cases occurred at the edp of the 
barriers. Contrary to the expectation the gauze barrier seems 
to be more effective than the tin barrier but the tests are so 
fragmentary that conclusions are not safely drawn. If, we 
attempted to use larger thicknesses arc-over occurred around the 
edge of the pressboard before puncture. A more satisfactory 
method of test was, therefore, sought. The method decided upon 
consisted in setting up a series of parallel plane electrodes as 
shown in Fig. 32, the sheet insulation being placed between the 
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several electrodes in series. Thus, each pair of electrodes which 
are connected together may be considered as a barrier. It is also 
possible, under these conditions, to have the barriers isolated or 
connected across a proper balancing resistance. An additional 
barrier can be placed midway between each pair of electrodes 
without fear of distorting the field. 


Irlsulatlon 



A great difficulty with this method is the unbalancing of stress 
which the capacity or electrostatic flux to ground of the various 
electrodes will introduce. It was hoped that possibly this effect 
would not be appreciable when using fairly high inductive 
capacity material for the tests, as the capacity between the 



Fig. 33 


electrodes proper would then be large in comparison with that to 
ground. A few tests made with one end of the series grounded 
and compared with the case in which the electrodes were isolated, 
in which case the neutral or ground potential would be in the 
middle of the series, shows a rather large effect which means that 
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the isolated tests are subject to voltage distortion from this cause 
though to a less extent than when one end was grounded. ^ 

Fig. 32 shows the arrangement of barriers and insulation^ for 
four and eight isolated harriers respectively. When it was desired 
to metallically connect the barriers to the proper potential, water 
tube resistances were used of such a value as to allow 7 to 1 
times the capacity current to flow (see Fig. 33). The maximum 
variation of the individual resistance tubes was about 2 per cent. 
The apparatus was placed at about 42 in. above the floor of t e 
room and the gap line parallel to the ground. The tests were 
made in No. 6 transil oil (40 kv. flat electrodes 0.2 in. (0.51 cm.) 
gap, 0.5 in. (1.27 cm.) diameter) at 25 deg. cent. , . 

The insulation used was 12-mil black varnished cambnc e 
individual sheets being sealed to each other under oil. When t e 
balancing or shunted resistance was connected the voltage 
readings were corrected for the drop in the protecting resistances. 
The results are tabulated in Table 11. 


TABLE II 

Instantaneous 60-cyde tests on 12..uil black varnished cambric ^O' 6 transil 

oil at 25 deg. cent. Terminals 4 in. plane with 2 in. radius at edge. Individual 

differed by =*= 1 kv. 

Variation oi Insulation Strength with thickness or number of layers. 

Average of five readings 
TTsincr one Dair of planes 



Data repeated using four pair of planes connected in parallel to obtain the effective 
strength when larger areas are used and therefore greater chances for weak spots. 

Average of two readings. 
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Total 

thickness 

Thicknes! 

between 

3 Non-Grounded 

One End 
Giounded 

Condition 
of test 

insulatior 
under 
test cm. 

t barriers 

cm. 

Punctui 
kv. eff. 

•e Kv./cm 

Kv./cm. 

roughly 

corrected 

Punctu: 
kv. eff 

re Kv./cm. 

2 sheets be¬ 
tween each of 
4 planes in 
series 

0 244 

0.061 

106.8 

438.0 

521.0 

86.8 

355.0 

1 sheet be¬ 
tween each of 
8 barriers in 
series 

0.244 

0.031 

105.8 

434.0 

516.0 



4 sheets be¬ 
tween each of 
4 barriers in 
series. 

0.488 

0.122 

168.5 

345.0 

411.0 



, Effect of Barriers when Shunted by 

Pligh Resistance on the Puncture Strength 
of Sheet Insulation 

2 sheets be¬ 
tween each of 

4 barriers in 
series. Each 
unit shunted 
by 8 X 10® 
ohms. 

0.244 

0.061 

112.6 

462.0 

433.0 

98.1 

403.0 

1 sheet be¬ 
tween each of 

8 barriers in 
series. Each 
unit shunted 

4 X 10® ohms 

0.244 

0.031 

110.0 

452.0 




4 sheets be¬ 
tween each of 

4 barriers in 
series. Each 
unit shunted 

8 X 10® ohms 

0.488 

0.122 

195.8 

402 0 




— ----- 



tathtSofo'f dett! 
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sets of tests were tried, the first using (1.27 cm.) spacing 

between the individual planes andfor thesecond a }iAn.{0.QS5 cm.) 
gap was used. The gaps between the individual pairs of planes 
were set as accurately as feasible and individual spark-over read¬ 
ings taken non-grounded and with one end grounded. The gaps 
were then all connected in multiple to check the strength of this 
combination as compared with the weakest gap. After doing 
this they were connected in series and arc-over taken both 
grounded and isolated with and without shunted balancing 
resistance. A summary of the data is given in Table III. 

From other sources we know that the strength of air for large 
spacings (i. e., 2 in. or 5.1 cm.) between parallel planes is about 
21 kv. eff. per cm. Whereas these data show an average of 18.1 
kv. eff. per cm. when the tests were made non-grounded and 14.2 
kv. eff. per cm. for the grounded case. That is, when using air 
as our dielectric with this arrangement we have an increase in 
18 1 

stress of 1-= 14 per cent brought about by unbalance of 

voltage due to capacity to ground, etc. When operating with 

14.2 

one side grounded we have 1-^ = 32 per cent or approxi¬ 

mately twice the ill effect. 

This immediately gives us a rough method of correcting the 
previous tests for this unbalancing effect where no balancing 
resistance was used. We may write the following from the data 
given in the table for isolated barriers. 

4^00 

1 — — = per cent apparent decrease in strength of insulation 
^ assumed due to capacity to ground for the non- 

grounded tests. 

1 _ t= per cent apparent decrease in strength of insulation 
^ for grounded tests. 

Where 

X = assumed true strength of the material. 

If we further assume that the apparent decrease for the grounded 
tests is twice the decrease for the non-grounded tests as shown to 
be approximately the case in air, we can write 

X = 521 assumed true strength of the material. 



TABLE III 
>^-Inch Gap 

R^tive Humidity 40 per cent. Bar. 76 cm. Temp. 25 deg. cent. 


Condition of test 

Non-Grounded 

Grounded 

60-cycle 
kv. eff. 

Kv./cm. 

efi. 

60-cycle 
kv. eff. 

Kv./cm. 

eff. 

Gap 1 I in. 

26.3 


26.3 


2 

26.3 


26.3 


3 

26.5 


26.4 


4 

26 4 


26.4 


Ave. 

26.4 

20.8 

26.4 

20.8 

Four gaps in multiple,. 

26.3 

20.7 

26.3 

20.7 

Four gaps in series. 

87.5 

17.2 

69.5 

13.5 

Four gaps in series 





each shunted by 





7 X 10® ohms. 

106.0 

20.8 

106.0 

20.8 


X-Inch Gap 



Temp. 20 deg. cent. Bar. 76 cm. 

= 1.00 



Non-Grounded 

Groundpd 

Condition of test 






60-cycle 

Kv./cm. 

60-cycle 

Kv./cm. 


kv. eff. 

eff. 

kv. eff. 

eff. 

Gap 1 X in. 

13.9 

22.0 



2 

14.1 

22.2 



3 

13.8 

21.8 



4 

13.9 

22.0 

14.0 

22.1 

Average 

13.9 

22.0 



Four gaps in multiple 





(arc-over No. 3). . . 

13.8 

21.8 



Pour gaps in series. 

48.5 

19.0 

38.0 

15.0 

Four gaps in series 





each shunted by 





8.5 X 10® ohms with 





1.4 X 10® protec- 





tive resistance. I 

52.0 1 

20.5 

51.0 

20.1 


Averaging the data for K-in. and X-in. spacings. 


Pour gaps in multiple 

Pour gaps in series. 

Four gaps in series 
each shunted by j 
resistance. 


21.2 

18.1 


14.2 


I 
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The strength as indicated from the tests was 438 kv. effective per 
cm. or only 84 per cent of the value obtained after applying this 
rough method of correction. I have also applied the same correc¬ 
tion factor to the rest of the values in this part of the table. We 
might consider the corrected column as an upper limit and the 
data as observed from test as a lower limit to the true value. In 
that case the average of these two columns would give another 
estimate of the strength as affected by barriers. 

When considering the tests using air dielectric in which bal¬ 
ancing resistances were used, we see that the stress due to capacity 
to ground is practically eliminated. It should also be noted 
from these tests that there is no appreciable increase in stress 
analogous to that which has been discussed for the case of 
two spheres in space where it was seen that even though 
there is no potential unbalance between the spheres, there is 
nevertheless considerable increase in stress when one sphere is at 
zero potential and the other at a given high potential, over the 
case in which they are both isolated and have the same difference 
of potential between them. 

Therefore, it would seem that the best method of estimating 
the true strength of the insulation when balancing resistances 
are used is to average directly the non-grounded tests with the 
grounded tests. The data obtained are not sufficiently exten¬ 
sive to enable us to see whether there is a real difference between 
these two cases or not. 


TABLE IV 
Average of Data 


Thickness 
of insulation 

No barriers. 

cm. 

Thickness 
of insulation 
between barriers. 

cm. 

Average strength 
of material 

No barriers. 

Kv. eff./cm. 

Strength of 
material with 
barriers average 
isolated and shunted 
kv. eff./cm. 

0.031 

0.031 

511 

467 

0.061 

0.061 

466 

464 

0.122 

0.122 

422 

386 


In conclusion it appears probable from a theoretical point of 
view that the strength of insulation under uniform-field condi¬ 
tions is the same whether the barriers are isolated or connected 
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metallically to the proper sources of potential and also that the 
strength merely depends upon the thickness of the material 
between the barriers. The averages, as given in the above 
table, do not warrant the above conclusions, but I am inclined 
to believe that the discrepancy is due to insufficient data and 
errors in the method. I hope, therefore, that someone will 
take up the subject and make a careful study of this important 
theoretical and also practical problem. 

Another interesting question would be to determine the 
limiting value of the electrostatic flux density which would 
result in excessive heating, and therefore, breakdown irrespec¬ 
tive of the so-called ‘‘instantaneous strength” of the structure. 
The effect of metal barriers in distributing the heating, eddy- 
current losses in the metal barriers due to electromagnetic flux 
accompanying the charging current, etc., would also be of in¬ 
terest. 

General Discussion of the Problem of High-Voltage- 
Bushing Design 

So far we have considered the problem of high-voltage-bushing 
design mainly from an ideal and purely electrostatic point of 
view, that is, we have greatly simplified the problem by assum¬ 
ing ideal or perfect dielectrics and a constant or static condi¬ 
tion of the equipotential surfaces. These conditions do not 
however, actually exist in practise, and therefore, the effects 
brought about by rain, dirt, snow, steep wave front impulses 
must be considered in a complete theory of the correct and 
most effcient design. 

For example, under rain conditions the equipotential surfaces 
are in a general constantly changing and will be different from 
the dry condition. There is probably also a certain space or 
volume charge effect due to the rain drops becoming charged 
from contact with the high potential electrodes and then fall¬ 
ing in the vicinity of the bushing to the grounded electrode. 
Furthermore, a considerable change in the electrostatic field 
may be brought about by an effective increase in the permit¬ 
tivity of the air part of the dielectric due to the presence of 
small rain drops. The problem is further complicated by the 
presence of conduction over wet or dirty surfaces with the 
consequent change in the potential distribution as well as the 
possibility of an arc-over resulting from what might be called 
fuse action, that is, the conducting material may become over- 
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heated by conduction and blow like a fuse and thus precipitate 
an arc-over along the path of the hot gases. 

There are a great many other disturbing factors and possi¬ 
bilities which have not been mentioned, but I believe that the 
above are sufficient to show the multitude of factors over which 
the designer can have no control and which, therefore, must be in¬ 
cluded in the theoretically correct and most efficient bushing 
design. 

We have already observed the large surface effect which 
exists even with relatively clean dry surfaces, also the change 
in the dielectric strength of materials when subdivided into 
thin layers by metal barriers and probably, to some extent, 
merely ,by laminating the material. 

It might appear from what has been said about the complexity 
of the problem that it is beyond the power of analysis to try to 
obtain a complete theory of bushing design. Strictly speaking, 
I believe that this is the case, nevertheless, I believe that the 
incomplete theory which we have is of great value in determin¬ 
ing the proper lines along which to experiment. 

We will now briefly describe the construction and tests on 
a series of small experimental bushings which were built for the 
purpose of determing the rain and dry characteristics of va¬ 
rious types. 

The object was to determine the general type of bushing 
which would best meet the following conditions. 

I. Rain and dry arc-over should have as nearly as possible 
the same value. 

II. The arc-over of the under-oil end should be consider¬ 
ably above either the rain or dry-air end arc-over. 

III. Puncture should occur considerably above the under¬ 
oil arc-over. * 

IV. The impulse safety factor or ratio should be as high as 
.possible, both under wet and dry conditions and application 
of a large number of impulses should not result in puncture. 

The materials used in the construction of these bushings were 
selected from the point of view of ease of construction and al¬ 
terations. The caps used on the air and oil ends were turned 
up of wood and metal covered by the Schoop metal spraying 
process. After completing the tests with a certain shape of 
cap it could be put in a lathe and altered in the desired manner 
and then re-metallized. Hard rubber was selected as the mate¬ 
rial for the core since it can be readily machined to any desired 
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form; for example, the necessary protection of the edges of the 
ground shield was easily obtained (see Fig. 34). This material 
also has other desirable qualities such as homogeneity, high 
dielectric strength, small surface effect. 

A single glass tube was used for the containing shell in order to 
eliminate the difficulty of making oil tight joints. The only joints 
b'eing that at the lower cap which was satisfactorily sealed with 
ceresine. A glass seal was provided by which connection was 
easily made between the ground shield and the tin disk which 



represents the transformer tank cover. For convenience, a 
.transparent Russian mineral oil was used as filler. During 
tests the under-oil end was placed in a 5-gallon tin can filled 
with oil, having dimensions 9 in. by 9 in. by 14 in. high. All 
tests were made at 60 cycles and with the tin can and tin 
disk connected together and grounded. 

Determinatoin of Puncture and Under-Oil Arc-Over 
This series of tests were made to determine the under-oil 
and puncture characteristics of the bushings. 
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Bushing No. A bushing was built up as shown to scale 
in Fig. 34. The joints between the glass containing cylin¬ 
der and the metal caps were shielded by the grooves as 
shown. The joint between the hard-rubber core and cap on the 
under-oil end was likewise protected. The electrostatic field of 
the under-oil end is practically of the uniform-field type (Fig. 14), 
the desirability of which has been pointed out. The air end is 
essentially the radial-field type. 

In test this bushing punctured at 65 kv. effective at the point 
shown in Fig. 34. After sawing the core open longitudinally, 
inspection showed that the hole had not been smoothly drilled 
which may have accounted for the puncture, as the space thus 
left between the rod and core may not have been properly filled 
with oil. 

Bushing No. 2. (See Fig. 35). The core was increased to 1 ^ 
in. (3.8 cm.) external diameter so as to insure a safe margin 
against puncture. As an additional precaution a brass tube 
closed at the bottom end and having small holes drilled radially 
at intervals inside the core was used in place of the brass rod used 
in Bushing No. 1. The object being to enable oil poured in at 
the top of the tube to fill up any irregularities resulting from 
imperfect fit between the core and central rod. 

■ In test this bushing arced over along the surface of the hard 
rubber and jumped to the inner guard ring on the cap at 94 kv. 
effective. Small chips were taken out of the rubber at the point 
shown in Fig. No. 35, apparently where the surface arc turned 
to jump to the guard ring. 

Bushing No. 2-A. Bushing No. 2 was disassembled and the 
inner guard ring cut down to the shape shown by the dotted lines 
in Fig. 35. In assembly the core was inverted putting the 
damaged part toward the air end of the bushing, bringing the 
new end under test. 

Arc-over occurred over the surface of the hard rubber core on 
the under-oil end without pitting the surface at 93.5 kv. effective. 
The voltage was then brought up again and arc-over occurred 
over the surface of the hard-rubber core on the air end to the 
previously damaged spots and there punctured to the rod at 82.5 

Bushing No. 3. (See Fig. 36). The hard-rubber core, which 
had been damaged by the previous tests, was turned down to 
the form shown in Fig. 36, thereby removing the damaged 
material. The under-oil end cap was also altered to a form 
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approximately as shown. Practically the only electrostatic 
change made by this alteration was to somewhat reduce the 
shielding effect of the cap on the hard-rubber core. The air end 
was also materially shortened. 

This bushing arced-over the air end at 81 kv. Upon bringing 
up the voltage a second time arc-over occurred over the surface 
of the hard-rubber core on the under-oil end without damaging 
the core at 86.5 kv. effective. 



Determination of the Air-End Characteristics 
Having secured a fairly efficient and satisfactory under-oil end 
the work was then directed towards a study of the rain and dry 
characteristics of various air-end combinations. 

Further Tests on Bushing No. 3. (See Fig. 36.)Temp. 24 deg. 
cent. Barometer 76 cm. Humidity 57 per cent. 


Bushing Dry 

Corona visible air end near ground shield. 41 kv. 

Corona visible on cap of air end. 59 kv. 

Bushing outlined air end. 87 

Arc-over was not taken. 
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Rain about 0.2 in. per minute at 45 deg. 


Corona starts top and bottom. 10 kv. 

First streamers.. 16 kv. 

Whole tube outlined. 20 kv. 

Arc-over. 52 kv. 


This bushing is obviously unsatisfactory because of the low 
corona starting points both wet and dry and the very low rain 
arc-over. 

Bushing No. 4. (See Fig. 37). This bushing was similar to No. 
3 except that the metal cap at the top was replaced by a rubber 
stopper covered with paraffine. The object being to make the 
field on the air end as nearly radial as possible. 

Summary of Tests on Bushing No. 4 
Temp. 23.5 deg. cent. Barometer 76 cm Hum. 50 per cent. 


Bushing Dry 

Corona starts near ground shield. 35 kv. 

Corona at top and bottom..'. 60 kv. 

Voltage raised without arc-over to. 85 kv. 

Rain Test about 0.2 in. per minute 45 deg. 

Corona starts top and bottom. 15 kv. 

Tube outlined. 17 kv. 

Vicious streamers over surface. 34 kv. 

Arc-over. 57 kv. 

Arc-over (paraffine removed). 55 kv. 


This bushing is unsatisfactory for the same reasons as stated 
for No. 3. 

Bushing No. b. (See Fig. 38). This bushing was exactly 
similar to No. 4 except that the internal brass shield was added 
as shown in Fig. 38. The object of adding this element was to 
somewhat relieve the stress on the rubber stopper and paraffine 
and to throw it away from the rod at the top of the bushing. 


Summary of Tests on Bushing No. 5 
Temp. 23 5 deg. cent. Barometer 76 cm. Hum. 50 per cent 


Bushing Dry 

Corona starts at ground shield. 

Corona top and bottom. 

Voltage raised without arc-over to- 

Rain Test about 0.2 in per minute 45 deg. 

Corona starts top and bottom. 

Arc-over. 


32 kv. 
68 kv. 
80 kv. 

18 kv. 
42 kv. 


This bushing is obviously unsatisfactory. 
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Bushing No. 6. (See Fig. 39). This bushing was constructed 
as shown in Fig. 39. The air end was shortened and the glass 
tube drawn down so as to get rid of the rubber stopper and 
paraffine, which gave trouble in the previous two bushings by 
carbonization and burning. The internal shield shown was used 
for the same reasons as in Bushing No. 5. 

Summary of Tests on Bushing No. 6. 

Bushing Dry 

Corona starts at ground shield and extends up the 


surface of glass tube. 50 kv. 

Corona appears opposite guard ring on the air end... 77 kv. 

Arc-over. 79 kv. 

Rain Test about 0.2 in. per minute 45 deg. 

Corona starts at top near tin foil. 5 kv. 

Corona streamers run out from tin foil over the glass 

surface. 10 kv. 

Bushing outlined. 12 kv. 

Arc-over. 36 kv. 


Bushing No. Q-A. A metal cone similar to that shown in Fig. 
41 was slipped over the top of bushing No. 6 and the following 


results obtained. 

Bushing Dry 

Corona on surface of glass opposite guard ring. 30 kv. 

Bushing outlined.... 60 kv. 

Arc-over. 78 kv. 

Rain Tests approximately 0,2 in. per minute 45 deg. 

Corona starts at edge of metal cone. 14 kv. 

Bushing outlined. 20 kv. 

Arc-over. 29 kv. 


These bushings No. 6 and No. 6-A, are seen to be unsatisfac¬ 
tory from the point of view of corona starting point and wet 
arc-over. 

Bushing No. 7, (See Fig. 40). The previous tests showed the 
necessity of breaking up the flow of water which adheres to the 
smooth glass surface and thereby produces great field distortion, 
or a sort of short circuit, or conducting sheet over the bushing. 
In order to accomplish this result the usual method of adding 
petticoats was resorted to. These were made by belling out 
glass tubing as will be seen from the figures. The petticoats were 
then slipped over the glass shell and the intervening space filled 
in with ceresine. In other respects, the bushing was exactly 
similar to Nr 6. 
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From an electrostatic point of view, it will be observed that in 
the radial-field type of bushing the corrugations approximately 
coincide with the direction of the flux lines. Therefore, the 
potential gradient is along the surface of the corrugations and 
will tend to break down any surface layer of dust or dirt. For 
this reason it would appear that their effectiveness is somewhat 
limited. We may further observe from Fig. 9 that when dry the 
presence of the corrugations will not appreciably affect the field 
distribution in this type of bushing, except those which are close 
to the tank. In this latter case they are seen to introduce an 



Fig. 38 Fig. 39 


appreciable percentage of high inductive capacity material in 
series with the air. Therefore, if petticoats of this kind are used 
it may be best not to extend them too near the tank. 

In the uniform-field type of bushing it will be observed that 
the petticoats introduce high inductive capacity material in 
series with the air (except in case of a vacuum bushing). This 
means that when dry the stress on the air will be increased by 
their addition. The surfaces of the corrugations will lie prac¬ 
tically along the equipotential surfaces; hence, an accumulation 
of dust, water, etc., would not result in so great a field distortion. 
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vSiimmary of Tests on Bushing No. 7. 

Humidity 60 per cent. Barometer 76 cm. Temp. 24 deg. cent. 


Bushing Dry 

Corona on tin-foil at top of bushing. 24 kv. 

Corona near ground shield. 38 kv. 

Bushing outlined. 60 kv. 

Streamers over the entire surface of glass. 70 kv. 

Rain Tests approximately 0.2 in. per minute 45 deg. 

Corona on tin-foil at top. 26 kv. 

Corona on edge of upper petticoat. 34 kv. 



Fig. 40 Fig. 41 


Corona near ground shield. 50 kv. 

Corona streamers over surface.,. . . 70 kv. 

Arc-over. 75 kv. 

It will be observed that the addition of the petticoats has 
greatly improved the wet arc-over of the bushing. 

Bushing No. 8. (See Fig. 41 and Fig. 42). This bushing is 
identical to No. 7 except that the spun copper cone was added in 
order to act as rain shed and thereby eliminate the formation of 
streamers which went out over the top surface of the glass in the 
previous bushing No. 7. 
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Sximmary of Tests on Bushing No. 8. 

Humidity 60 per cent. Barometer 76 cm. Temp. 24 deg. cent. 


Dry Tests 

Corona near ground shield. 4 q 

Arc-over. 69 kv. 

Rain Test approximately 0.2 in. per minute at 45 deg. 

Corona on edge of cone and near ground shield. 36 kv. 

Bushing outlined. 43 kv 

Arc-over. 69 kv. 


This bushing is seen to be quite satisfactory from the point of 
view of wet and dry arc. 

Bushing Afo. 9. (See Pigs. 43 and 44). For this bushing a new 
core and caps were turned up as shown in Fig. 43; also an idea 
of the appearance can be obtained from Pig. 44 which is of a 
similar bushing. The air and oil ends were made identical except 
for the addition of petticoats to the air end. The method of 
assembly of the petticoats previously used namely to fill the 
space between the petticoats and glass' shell with ceresine was 
given up. Instead the individual petticoats were cemented 
together with a sealing wax composition. The resulting petticoat 
shell was slipped over the inner containing glass cylinder and the 
space filled with a viscous compound. This made a more satis¬ 
factory scheme for assembly and disassembly. 

vSummary of Tests on Bushing No. 9 
Temp. 24 deg. cent. Barometer 76 cm. Humidity 60 per cent. 


60-cycle Tests 

Bushing Dry 

Corona on edge of upper cap.. 51 ± 2 kv. 

Arc-over. 59 d= 2 kv. 

Rain Test approximately 0.2 in. per minute 45 deg. 

Corona on edge of upper cap. 24 ± 2 kv. 

Bushing outlined. 42 dz 4 kv. 

Arc-over (clear of surface). 48 ± 5 kv. 

wet arc-over „ oio 
j — U.o J u 

dry arc-over 


Impulse Tests 
200 -kilocycle ''B” wave 


Bushing Dry 

Arc-over (1 out of 10 impulses). 99 kv. eff. 

Arc-over (5 ). 103 kv. eff. 
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Rain Test 0.2 in. per minute 45 deg. 


Arc-over (1 out of 10 impulses). 93 kv. efT. 

Arc-over (5 “ ).9eT3 kv. eff. 


Impulse ratio or safety factor 
Dry = 1=1.68 

QO 

Rain = = 1.93 




Bushing No. 10. (See Figs. 45 and 46). This bushing was iden¬ 
tical to No. 9 except that the hard-rubber core was moved down 
to the position shown in Fig. 45, thereby changing the type of 
field used on the upper part of the air end from the parallel field 
type to a more radial type. This bushing is shown in the photo¬ 
graph Fig. 46. 

Summary of Tests on Bushing No. 10 
60-cycle Tests 


Bushing Dry 

Corona on edge of upper cap. 54 dz 4 kv. 

Arc-over (clear of surface). 64 d= 1 kv. 








Fig, 42 Fig. 44 Fig. t6 [rice] 
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Rain Test approximately 0.2 in. per minute 45 deg. 


Bushing outlined. 40 db 3 kv. 

Arc-over (clear of surface). 46 db 2 kv. 


wet arc-over _ q ^2 
dry arc-over 

Impulse Tests 
200 -kilocycle “B” Wave 

Bushing Dry 

Arc-over (1 out of 10 impulses). Ill kv. eff. 

Arc-over (5 “ ). 114 kv. eff. 

Bushing Rain approximately 0.2 in. per minute at 45 deg. 

Arc-over (1 out of 10 impulses). 104 kv. eff. 

Arc-over (5 ).107.5 kv. eff. 

Impulse ratio or safety factor 


Dry 


111 

64 


1.73 


Rain = ^ = 2.26 
46 

Of this series of bushings it appears that the general form 
shown in Pigs. 43 to 46 best fulfills the various requirements 
which an all around bushing has to meet. 

Acknowledgments 

In conclusion I wish to express my appreciation of the interest 
which was shown by Dr. C. P. Steinmetz, Mr. G. Faccioli, and 
Dr. E. J. Berg in connection with the experimental part of the 
work and to Professor W. E. Byerly for the great assistance which 
he so kindly gave me in the course of the mathematical work 
contained in the appendix. I wish, furthermore, to acknowledge 
the help which Mr. B. L. Stemmons has given in making the 
various tests. 









990 


RICE: ELECTROSTATIC PROBLEMS 


[Nov. 9 


APPENDIX 

Mathematical Solution of Two Electrostatic Problems 

It is not in general possible, by known mathematical methods, 
to obtain the solution of Laplace’s equation so as to fulfil ar¬ 
bitrarily given boundary conditions.®^ If, however, we take the 
simplest conceivable electrode arrangement which would form 
the skeleton of a bushing, we can obtain a mathematical solution 
for this case. The most simple electrode arrangement will be 
seen to be a fine wire passing perpendicularly through a hole in 
an infinite plane. The mathematical formulation of these 
skeleton electrodes can be obtained. Thus, for instance, we can 
formulate the equation of an infinite plane with a hole in its 
centre as the focal or limiting hyperboloid of revolution of one 
sheet. The edge of the hole will be at the focus of the hyper¬ 
boloid. We can now formulate the equation of a fine wire 
passing perpendicularly through the centre of the hole in our 
plane. It will be represented by the other limiting confocal 
hyperboloid, that is, the one which degenerates into the axis of 
revolution of the confocal family. You will readily see that we 
have thus reduced the problem to finding the distribution of the 
electrostatic field between two confocal surfaces of the same fam¬ 
ily maintained at given potentials. In this case the equipoten- 
tial surfaces will be hyperboloids of revolution. 

We have thus reduced our problem to a form which can be 
treated quite simply mathematically and for which the form of 
the solution is known.®®' Here Maxwell states that the equipo- 
tential surfaces will be confocal hyperboloids of one sheet and 
the surfaces of flow will be the confocal oblate spheroids. 

The simplicity of the mathematical solution rests upon a wise 
selection of the coordinates as it does in many other problems 
of this type. For example, in dealing with cylindrical distri¬ 
butions we would employ cylindrical co-ordinates; in spherical 
distributions we would use spherical co-ordinates. 

In this case where we have to deal with surfaces formed 
by the revolution of hyperbolas about their conjugate axis 
thus forming hyperboloids of one sheet; a system of cur- 

31. An extremely interesting discussion of this subject will be found 
in Maxwell’s Electricity and Magnetism, Vol. I Chap. VII, page 175. 

32. See—Maxwell’s Electricity and Magnetism, Vol. I, page 235. 
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vilinear co-ordinates of a proper form are made use of. Since 
most engineers are not very familiar with their meaning and use 
I have started from the beginning and gone through the develop¬ 
ment of the system of curvilinear co-ordinates which are used in 
solving our problem. This makes the work appear rather long 
and clumsy, but will, I believe, make the whole subject quite 
simple and clear, and is therefore justified. Assuming a famil¬ 
iarity with the system of co-ordinates, the solution is exceed¬ 
ingly simple, in fact it is practically as simple as the familiar 
solution for parallel wires at large spacing where the diameter 
of the wires is neglected. 

Curvilinear Co-ordinates; Conicoids or Quadric Surfaces 

A surface whose equation is of the second degree in .r, y and 

is called a quadric surface or conicoid. The sphere is a special 
case of such a surface. 

It is possible, by a suitable transformation of co-ordinates, to 
reduce the general equation of the second degree in x, y, and z, 
inaniely; 

Ax^ + By^ + + 2 Dyz + 2 Ezx + 2 Fxy, 

+ 2Gx + 2Hy + 2Iz + K = 0 ' (1) 

to the following form in which the terms yz, zx and xy are all 
absent. That is, the equation can be put into the following 
simpler form; 

A'x^ + + CV + 2G'x + 2H'y + 2 I'z + K' = 0 (2) 

If in this equation the constants C' are all finite, we 

can further simplify it by making a change in the origin of 
co-ordinates and obtain an equation which when referred to its 
new axis is of the form 

AV + By + CV (^2) 

The locus of this equation is evidently symmetrical with 
respect to each of the co-ordinate planes, and hence with respect 
to the origin. Such surfaces are therefore called central quadric 
stirjaces. 

We may now divide equation (3) through by D' and obtain 

JL -L J!. 

EL LL E 

A' B' C' 


( 4 ) 
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If in ( 4 ) we substitute 


D' 


ai 


A' 


D 

o-i = 0'S = 


C 


We have the familiar equation of a central quadric surface 
referred to, its principal axes, namely;*® 



(L\ Q'^ dz 


( 6 ) 


where ai, ^2 and az may be positive or negative. If they are all 
negative, the surface is imaginary. We will now consider the 
nature of the surfaces under the various other conditions. 

First. Suppose one of the constants au or dz is negative, 
while the remaining two are positive. 

Thus, let dz = — 
while di = d^ 

<22 = 

Also assume that, a, is numerically greater than b, and, b, 
greater than c, 

or a > b > c 


Substituting these values in ( 6 ) we obtain 




+ 




( 6 ) 


This particular central quadric surface will be recognized to be 
that of a hyperboloid of one sheet with conjugate axis along the 
z axis. 

This can be seen by considering the shape of the plane curves 
which results as the intersection of this solid figure with the 
reference planes, or what are generally called the principal 
sections of the surface. First take the X~Y plane, that is, the 
plane whose equation is z = 0. Substituting this value in ( 6 ) 
we obtain. 


33. Proofs of the statements made above may be found in any good 
book on Solid Analytic Geometry, for example; Solid Geometry by 
Charles Smith,—Macmillan and Company. 
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That IS, the surface is cut by the X-Y planejn the ellipse whose 
semi-axes are « and 5. The foci are at a distance from the origin. 

which is seen by inspection from Pig. 1. 



The section cut out by the Z-Z plane (y = 0) is seen to be 
the hyperbola 




with semi-axes a and The foci are at the distance 

/ = V _ -v/ ai ~ (23 

on the X axis which can be seen by inspection from the values 
of the various quantities as given in Fig. 2. 
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The section by the F-Z plane {x = 0) is the hyperbola 



with semi-axes h and c and foci at the distance 
/ = V + ^2 = V as - a, 


on the F axis. 

Thus the surface defined by equation ( 6 ) is seen to be a hy¬ 
perboloid of one sheet with the conjugate axis on the Z axis. 

If in the above equation ( 6 ) we let 
a = b the section of the surface by any 
plane parallel to the X- Y plane (plane 
s = X) is a circle. Hence, the surface 
would be formed by the revolution of 


the hyperbola- 


S“ 


= 1 about 


conjugate axis. Fig. 3 shows the form 
of the surface. 

Second. Let two of the constants ai, 
^ 2 , az in equation ( 6 ) be negative. 

For example, let 

a2 = — 


az 


= — 



ai = 

Also assume as before that a is nu¬ 


Fig. 3—Hyperboloid 
OF One Sheet 


merically greater than b and b greater than c, 


or a > b > c 


Substituting these values in ( 6 ) we obtain, 




IL 

¥ 


= 1 


( 7 ) 


and the surface is called a hyperboloid of two sheets. 

The sections by the co-ordinate planes and their focal distances 
are found as before. 
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The section by the JT-r plane (s - 0) is the hyperbola 

~ 1 

• with semi-axes a and b and focal distance 

v-^rr¥ = 

The section by the ZX plane (y = 0) is the hyperbola 



with semi-axes a and c and focal distance 

= V'ai - a. 

The section by the YZ plane {x = 0) is the imaginary ellipses 
_ ^ j With semi-axes b and c and focal distance 

V - (62 — c2) = V 02—03 

If in CQUcition ( 7 ) we let b ~ c the section by any plane parallel 
to the plane x = 0 is a circle. Hence the surface is in this case 
formed by the revolution of the hyperbola 

x^ y® _ 


about its tranverse axis. The form of the surface is shown in 
Fig. 4. 
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Third. Let all of the constants ai, and az be positive. 
Thus, let 

a2 = 

az == 

Also let us assume that the relative magnitude of the constants 
are as indicated by the equation 

a > h > c 

Upon substituting these values in equation ( 6 ) we obtain 


^ ^ 


( 8 ) 


which is seen to be the equation of an ellipsoid. 

The sections by the co-ordinate planes and their focal dis¬ 
tances are given below. 

The section by the X-Y plane (z = 0) is the ellipse 
“v* + -iir = 1 with semi-axes a and b and focal distance 
jf = V — ^>2 = V ai ^2 
The section by the Z-X plane {y = 0) is the ellipse 


OC^ 2|2 

—-■ -|-^ = 1 with semi-axes a and c and focal distance 

/ == 's/ = V a] — as 


The section by the Y-X plane {x = 0) is the ellipse 
emi-axes b 
f = Vb^- 


>y2 

d- 5 “ = 1 with semi-axes b and c and focal distance 

Vao — 


a2— az 


If in equation ( 8 ) we let a = & the sections by the planes 
parallel to the X- Y plane will be circles whose centres lie along 
the Z axis and the surface is cut out by revolving the ellipse 


+ ■ 


1 


about the Z axis. If a is the major axis and c the minor .axis 
of this ellipse as has been assumed and stated in the assumption 
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a > c, then the figure is cut out by revolving an ellinse about 
its minor axis. Such a figure is oaIIpH o ^ pse about 

the rotation occurs around the “to . ““"t “ 

a prolade spheroid. 

If o = & = c the ellipsoid reduces to a sphere. 

The form of the oblate spheroid is shown in Fig. 5. 

CoNFocAL Quadric Surfaces 
In all three cases investigated above it will be observed that 
he squares ot the toal distances of the principal sections 
(secrions rat out on the X-Y. Y-Z, Z-X planes) are the square 
roots of the differences of the three constants a,, and a,. 
Iherefore. if we add a constant to each of the three constants 
oi, as and a-i we obtain a surface whose principal sections have 



Fig. 5—Oblate Spheroid 

Axis of revolution about Z axis. 


the same foci as before or what is called a surface confocal with 
respect to the original. 

For example, if we take the equation of an ellipsoid 



( 9 ) 


the focal distance of the principal section rnade by the X-Y 
plane has been seen to be 

f = = V ax-a2 

If we now add the constant quantity p to ai and a 2 we have as 
the focal distance of this principal section. 


V (a, - p) - (oj - p) = V aj - p - aj + p = V oj - cj 
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and thus the focal distance has remained the same. Similarly 
for the other principal sections, and we therefore see that 

_ 

+ P + p c- p 


represents a surface confocal with the original for any real 
value positive or negative of p. 

If as we have assumed throughout, a is greater than h and h 
is greater than c or, 

a > b > c 

then the character of the surface represented by equation ( 10 ) 
will be seen to be determined as follows : 

(1) If p > — the surface is an ellipsoid. 

(2) If — > p > — the surface is a hyperboloid of one sheet. 

(3) li — b^ >'p > — the surface is a hyperboloid of two 

sheets. 

(4) If — > p the surface is imaginary. 

Suppose we now wish to pass through a given point in space 
X, y, 0 a quadric surface confocal with the ellipsoid 


_ -L y 
~W 




( 11 ) 


Where a > b > c. 

We have seen that its equation will be 


+ p 


+ 


+ 


+ p + p 


= 1 


( 12 ) 


from which the value of p can be determined when the values 
of X, y, z of the desired point are given. 

It will be seen that this equation (12) is a cubic equation in p 
and therefore will have three roots say pi, p 2 , p 3 and if it is found 
that these roots are all real there will be three confocal surfaces 
which will pass through any desired point x, y, z in space. 
Since an equation of odd degree always has at least one real 
root we see that the other two roots will be real or both imagi¬ 
nary since imaginary roots always enter an equation in pairs. 
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In order to investigate the roots of onr equation ( 12 ) r,e ean 
write It when cleared of fractions as follows; 

(a’ + p) (y + „) (ri + p)_r= (j. q. p) q. ^ 

- y {y + p) (pt ^ ^ 

Thw is onr cubic equation in p and o, i; r, ^ are the constants. 

We have just seen that the character of the confocal surface 
depends upon the magnitude of p with respect to the three 
constEnts cl, b and c. To recapitulate 

(1) If p > -c2 the surface is an ellipsoid. 

ll K ^ hyperboloid of one sheet. 

d r. 2 ^ hyperboloid of two sheets. 

(,4j it - 0 -= > p the surface is imaginary. 

We will now substitute for p in equation (13) the values 


(1) P = + » 

(2) p = -c2 

(3) p = -52 

(4) p = -a^ 

which will be seen to be the extreme values as outlined above 
It should be observed that p = - » would result in an imagi¬ 
nary surface and therefore is not considered. 

Upon making these substitutions for p in equation (13) and 
remembering that a > b > c we will obtain the following as 
legards to changes of sign of our cubic equation in p which is 
represented for brevity by / (p). 

When p = _|_ CD 

sign / (p) = -f a. 

and it is observed that / (p) is a positive quantity for all values 
of .T, y, z, a, b, c constant under the assumed relation a>b >[<:. 

When p — — c‘‘‘ 

f ( p )=- 22 (^2 _ c2) (52 _ ^2) 
sign / (p) = (-) (+) (-^) = (_) 

in this case we observe that / (p) is negative and therefore / (p) 
has changed from a positive value in the previous case to a 
negative value in this case. Therefore, / (p) has passed through 
zero somewhere between p = -f » and p = — c^, that is, there 
is a real root between these two values. Call this root X and 
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observe that it occurs in the region which specified that the 
confocal surface will be an ellipsoid. 

When p = — 

/ (p) =“3/2 {a^ — 6^) 

sign /(p) = (-) (-) (+) = (+) 

Here again there has been a change in sign and therefore there 
is another real root somewhere between p == — and p = — 
Call this root p. and observe that it occurs in the region ;which 
specifies that the confocal surface defined by it will be a hyper¬ 
boloid of one sheet. 

When p — — a?- 

f(p) 

sign /(P) = (-) (-) (-) = (-) 

and we see that there is another change in sign and therefore 
another real root in the interval between p = — and p = — a^. 
Call this root v and observe that it lies in the interval which 
specifies that the confocal shall be a hyperboloid of two sheets. 

We have thus accounted for the three roots of the cubic and 
found their general location also that they are all real.®^ Thus 
we have seen that through any given point in space, say x\ 
y\ z' there will pass one surface of each of the three kinds and 
therefore we may represent the given point in space either by 
its rectangular co-ordinates x\ y', s' or by the three values X, 
p, p which are the three values of p as determined by the cubic 
equation in 

, y , ^ 

+ p'^ + p~^ + p 

in which the values of x, y, z are taken as x' y' s'. 

If we write for the sake of brevity. 


F (X, X, y, s) 


/\/2 n .2 


F (X, X, y, s) = 0 


( 14 ) 


We see that equation ( 14 ) defines X as a function of x, y, z which 

34 . A complete treatment of the cubic equations will be found in 
“Todhunter’s Theory of Equations”. Page 109 . 
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is a point in space and therefore X is said to be defined as a point 
function. Similarly 

p (m. a:, O', z) = 0 (16) 

P ( v , X , y , z ) = 0 (16) 

define fi and v as point functions. 

If we have given the values of X, m, in these three equations 
we determine completely the ellipsoid X = constant, and the 
hyperboloid of one sheet fx = constant, and the hyperboloid of 
two sheets v = constant, and hence their point of intersection 
X , y , z and its seven symmetrical points in the other quadrants 
It can be further shown that the three surfaces defined by 

X = constant 
/X = constant 
V = constant 

aie mutually perpendicular at every point of intersection.^® 

X, M and V are called the ellipsoidal or elliptic co-ordinates of the 
point. They form a system of Orthogonal Curvilinear Co¬ 
ordinates.®® 

Normal Oblate Spheroidal Co-ordinates 
When any two semi-axes of our standard ellipsoid become 
equal the above described system of curvilinear co-ordinates 
breaks down. For in that case the equation ' 

-I / , z^ ■ _ . 

1 educes to a quadiatic equation in p and therefore has only two 
roots which we may call X and p. The surfaces X = constant 
and p = constant are now confocal ellipsoids and hyperboloids 
of revolution. Obviously a third family of surfaces is required 
before the position of a point in space can be fixed by their 
intersection. .Such a family of surfaces, orthogonal to the two 
present families, is supplied by the system of diametral planes 
through the axis of revolution of the standard spheroid. The 
two cases in which the standard ellipsoid is a prolate spheroid 
and an oblate spheroid requi re separate treatment. We are 

35. A good discu.ssion will be found in "Solid Geometry”, Charles 

Smith, Macmillan and Co., Page 147. 

36. The above discu.ssion has mainly been taken from A. G. Webster, 
"Electricity and Magnetism", pages 27-31. 
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here principally interested in the later case which will now be 
described. 

Let us assume as the standard oblate spheroid 


^2 y 



( 17 ) 


where a > c that is, we have taken the case where the figure 
is rotated about the z axis. 

The equation of the confocal family of surfaces is then 


+ p ^ + p 


( 18 ) 


which is seen to be a quadratic p regarding x, y, z, a, c as 
constants. 

As we have seen before the character of the surface will depend 
upon the magnitude of p with respect to the constants a and c. 
Remembering a > c 

(1) If p > the surface is an oblate spheroid. 

(2) If— > p > —a^ the surface is a hyperboloid of revolu¬ 

tion of one sheet. 

(3) If — > p the surface is imaginary. 

In order to investigate the roots of (18) we may write it 

{a^ + p) (c^ + p) — (x^ + y^) (c^ + p) — (a^ -|- p) = / (p) = 0 

(19) 

and observe the changes of sign when the following values are 
substituted for p in equation (19). 

(1) P = + ® 

(2) p=-c2 

(3) p = —0(2 

When p = + CO 

sign /(p) = + co 

and it is observed that / (p) is a positive quantity for all values 
of X, y, z, a, c consistent with the assumed relation a > c. 

When p = —^2 

/ (p) =-z^ (a2 _ c2) 

/ (P) = (-) (+) = (-) 


sign 
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m this case we see that/ (a) is negative and has therefore changed 

from a positive value in the previous ease to a neeative value m 
this case. Therefore, f (p) has oatiiqfsft +u u ^ ^ value in 

between p - + . and p - 

If fi- f 1 ^ ’ that IS, there is a real root 

between these two values Call this root X and observe that 
It occurs in the region which specifies that the eonfocal surface 
Will be an oblate spheroid. 


When p = -a- 

I ip) = - (.T^ + 3/2) (c2 - a2) • 

SiRH f{p)=:i^^) (_f) ^ 

Here aKam there has been a change in sign and therefore 
theie IS another real root somewhere between p = —c^ and p = —a'^ 
Call this root ^ and observe that it is in the region which speci- 
hes that the eonfocal surface will be an hyperboloid of revolution 
of one sheet. We have thus accounted for the two roots of 
our quadratic and also found their approximate location; also 
that they are real. 

We may now write 


F (X, .r, y, s) 


^- + y , 02 

+ X c2 + X ~ ^ ~ ° 


or, 

Similarly, 


F (X, .r, y, 2) = 0 
F {jX, X, y. 2) = 0 


( 20 ) 

( 21 ) 


Now, as we have seen before, in order to determine completely 
a point in spac^e we mu.st have another equation which defines 
a surface which will intersect the two present surfaces X = 
constant, and,= constant, at all real points. As has already 
been said such a system of surfaces is that of the diametral 
planes through the axis of revolution of our .standard oblate 
spheroid. 

In this case, we have taken the 2 -axis as the axis of revolution. 
We, therefore,* wish the equation of the plane which passes 
through the intersection of the planes x = 0 and y = 0. The 
ecjuation of this plane may be written.®^ 


y — V X — 0 


where v may have any value. 

37. See—Charles vSmith "Solid Geometry," Macmillan and Co., pagell. 
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Thus we may write 

F {v, X, y, z) = y — V X = 0 (22) 

If we are given the values of X, /i, v these three equations 
determine completely the oblate spheroid, X = constant, the 
hyperboloid of revolution of one sheet, /x = constant, and the 
diametral plane through the axis of revolution, v — constant. 
Hence their point of intersection x, y, z and its seven symmetrical 
points in the other quadrants is completely determined. It can 
further be shown that the three surfaces defined by 

X = constant 
/X = constant 
V — constant 

are mutually perpendicular at every point of intersection. We 
may thus take X, /x, z' as a set of normal curvilinear co-ordinates. 

In order to simplify the work which will follow we will make 
certain simplifications in the form of the equations of the three 
surfaces, the intersection of which represent our three co-ordi¬ 
nates of a point. Rewriting equations (20), (21), (22) of the 
three orthogonal surfaces, 


F (X, X, y, z) = 


+ 


c- + X -h X -h X 


- 1=0 


( 23 ) 




(F + IX + IX + jx 


1 = 0 


( 24 ) 


F {v,x,y,z) = y-^ V X = 0 ( 26 ) 

Where a> c 

X > ~ 

- > IX > 

V may have any real value positive or negative. ' 

Let us now make the following substitutions in equations ( 23 ) 
and ( 24 ). 

Let 


and 


= £2 

-f X = £2 2) 


( 26 ) 

( 27 ) 
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subtracting we obtain 


+ X = £2 (Z) - 1) 

also let 

a^ + H = E^F 
subtracting (26) from (29) we obtain 


(28) 

(29) 


= £2 (£- 1) (-30^ 

If we now substitute (27) and (28) in (23), and (29) and (30) in 
(24) we have 


, 22 

£21) £2£ ■+■ £2 (£ _ 1) ~ 1 - 0 (31) 


a;2 ^ 22 

£2 £ + £2 7 ? + £2 ( 7 ? _ 2 ) -1 = 0 ( 32 ) 

We may now make the further substitutions, 

Putting £2 = c'2 

£2 Z» = X'2 

£2 £ = / i '2 

We then may write (31) and (32) 

I 0'2 2* 

"VT + ^ + -1 = 0 (33) 


-7?2 + -;^ + l = 0 (34) 


If in these equations X'2 is greater than c'2 and c'2 is greater 
than 7 *'2, that is 

X'2 > c'2 > 7t'2 

then equation (33) is the equation of a confocal family of oblate 
spheroids in a simplified form and equation ( 34 ) the confocal 
family of hyperboloids of revolution. The Z-axis is the axis of 
revolution and 2 c' is the focal distance. In other words, if we 
take an ellipse and a hyperbola having the same foci (focal 
distance 2 c') and revolve them about the minor axis of the 
ellipse (in this case the z-axis) we shall get a pair of surfaces 
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which are mutually perpendicular; also a plane through the axis 
of revolution will cut both the spheroid and hyperboloid ortho¬ 
gonally. We may now drop the primes and write the equations 
of the three surfaces: 


Fi {x, y, z, X) 





(36) 




2 


(36) 


Fi {x, y, z, v) = y — V X = 0 

where > c® > 2 c being the distance between foci. 



Fig. 6—Intersection of an Oblate Spheroid, Confocal Hyperboloid 
AND A Plane through the Axis of Rotation 


For all values of X, fx and v consistent with the inequality 
written above the surfaces (36), (36) and (37) intersect in real 
points and cut orthogonally. We can, therefore, represent any 
given point m space say .a;, y, z by the intersection of the three 
surfaces provided we assign the proper values to X, /i and v. 

Therefore, X, and v are a set of orthogonal curvilinear co¬ 
ordinates. 

The form of the three surfaces is shown in Pig. 6. 

Laplace's Equation in Normal Oblate Spheroidal 
Co-ordinates 

If. we solve equations (36), (36) and (37) simultaneously we 
mil obtain the values of x, y and z in terms of our co-ordinates 
A, IX and V . 
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To do this W6 may divide 
equation (36) through by X® 
upon simplification. 


equation (35) through by and 
and then subtract; We obtain 


.2 _ a^) 


(38) 


Substituting this value of 2 ^ equation (36) we obtain 

+ / = RE 

and upon substituting the value of y from equation ( 37 ) we 


v2 = 

c' (1 + 

similarly we obtain 

. = 

(1 + j;2) 


(39) 

(40) 


liquations (38), (39) and (40) enable us to express the position 
of <i point in space x, y, z when the values of X, )U and v are 
given. 

^ y ~ z = Zo be the rectangular co-ordinates 

of the point in space determined by the intersection of the 
three surfaces X = \o, n = /xa, v = Vo. 

The rectangular co-ordinates of the point 
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That is, it will be the original position plus the rate of change 
of with respect to a change in X multiplied by the increment 
in X. This will be readily seen from Fig. 7. 

The square of the distance between the points Xo and Xo + X 
will be 


- (H) +(ll)+(lx) ’’ 



Fig. 7 Elementary Solid Cut Out by the Intersection of a 
Pair of Confocal Hyperboloids of Revolution, a Pair of Ellip¬ 
soids OF Revolution and a Pair of Planes through the Axis of 
Revolution (2 Axis) 


_ In the limit the elementary curvilinear rectangular parallele¬ 
piped IS simply a rectangular parallelepiped, that is, the effect 
ef the curvative will intreduce an effect which will be an infinitesi¬ 
mal ef higher erder than d X and dm and, therefere, may be 
neglected. Prom this consideratien it will be observed that 
is the differential unit of length normal to the surface X = Xq. 
Thus, a considerable simplification has resulted froni the fact 
that our system of curvilinear co-ordinates are orthogonal. 

In like manner, we can write down the expressions for the 
differential unit normals to the other two surfaces 

M = Mo and 
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Thus, 



(42) 

which is the elementary normal to the surface u = 
Similarly ^ 

Mo 


(43) 

is the elementary normal to the surface v = vn 

If we now let 


V - (Hh e-i)' 

(44) 

w " (l|) + (^) + (^) 

(46) 


(46) 

we can write the three equations for the differential 
the more compact form. 

normals in 

11 

(47) 

^1 (M 

II 

(48) 

. d V 

*>-17 

(49) 

The elementary surfaces which form the sides of the differen¬ 
tial volume may now be written (see Pig. 7) 

00 

II 

II 

(60) 
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for the surface X = Xo 


d S2 = dfii dfiz 


d\dv 
hi hz 


for the surface fjL = fXo 


d Sz = dni dn2 


dXd fx 

hi h2 


(61) 

(62) 


for the surface v = Pq 

We may now write the differential volume d r oi the rectangu¬ 
lar parallelepiped 


dr = dui dn 2 dtiz 


d\d fxdv 
hi hz 


(63) 



We can now proceed to write down Laplace’s equation in our 
present system of orthogonal curvilinear co-ordinates. We will 
here consider the case of a homogeneous and isotropic medium. 
The clearest method of obtaining Laplace’s equation is to apply 
the well known laws of flow of an incompressible fluid to the 
infinitesimal unit of volume bounded byjthejintersection of the 
six surfaces, 

X = Xo M = Ato V = Vq 

X=Xo + <fX fx = fXo + d IX V = Vq + d V 

Now let (see Fig. 8) 

u equal the component of the flow density or flux density, 

D, at the point Xo, /^o, Poj parallel to dni 
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' * component of Z) parallel to in,. 

«- - component of D parallel to in,. 

Now the total amount of flmt (or flow) leaving the infiniteti. 
mal paraUeloptped ,s the aum of the six amoLs leavfag t 

xZtl " ' “c- *"city 

Therefore, they are, 

- u dS,+ dn,) (d S, + dn, 


V d S 2 ^ (v + ^ dn<i 

\ O 712 


■)(■ 


d 1S2 “|~ 


& {d S 2 ) , 

d Ml 


- w 1S3 + dn^ (d S3 + - 

' o 713 / \ g ) 


d Ms 


(64) 


•? ^ the_ exact meaning of these three equations we 

will put the first one in word form. The first term says that the 
total fiux (or flow) entering the lower surface of the infinitesimal 
paralleiopiped is equal to the component of the flux density in 
the direction perpendicular to the surface X the area of the 
lower surface. Since we desire to express the outward flow we 
designate this inward flow by the minus sign. The second term 
expresses the total flux outward through the top surface For 
this case the component of the flux density will be the original 
component jilus the rate of increase of the component as we 
move towards the top of the cube multiplied by the height of 
the cube. This gives the component of the flux density at the 
top of the cube and if we multiply this by the area of the top 
we obtain tlie total outward flow at the top surface. 

It will be ob.served that the area ofithe top surface is the area 
of the bottom plus the rate of increase of the area as we go from 
the bottom towards the top multiplied by the distance. 

Multiplying out the second term of the first line of equation 
(64) we obtain: 

..,,7 0 I ^ ^ .7 .. j r* I 


d id Si) 
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the fourth term is of higher order and therefore may be neglected 
Factoring out the d ni, we can write (55) as: 


r c) ^ t o I 
1 d Si "F 
Lo ni 


b (d Si) n 

b ni J 


d ni 


(56) 


It will now be evident that this is merely the differential of 
the product of the two functions u and d Si. (I am indebted to 
Professor J. N. Vedder, who called my attention to this relation 
while discussing the problem with him.) That is 
d [u d 5i] = u d {d Si) d Si d u 
We can therefore write (66) 


[udSi]dni 

b fii 


^pplyitig the same reasoning to the other similar equations and 
adding them all together, we obtain the following equation, which 
represents the total amount of flux leaving the infinitesimal 
volume. 

^ (u dSi) dni + ^^{vd S 2 ) d «2+ d S,) d n, (67) 


If we substitute the values of d ni, d m and d ns as given by 
equations (47), (48) and (49); as well as d Si, d S 2 , d Ss, as given 
by equations (60). (61) and (62) in equation (67) we obtain 



d fJL d V \ 

h2 hz ) 
+ h 


d A , 1 

^ / 

d \ d i 

~ + hi 
hi 

btx\' 

hi hz 

( 

d\d n 

\ d V 

^ bv r 

hi h2 

) hs 


) 


d jJL 

h2 


( 68 ) 


Simplifying and dividing by (63) to express the equation for unit 
of volume, we get: 


r ^ ^ \ I ■ ^ —'\-i. 

L C) X \ hi hs J bn \ hi hs / 


5 / w \~| 
bv \ hi hi /J 


hi hi hs (69) 


Now for any point in space which is neither a source nor a 
ginV of flux, we see that the same quantity of flux must leave as 
enters any closed surface in order that there may be no accumu¬ 
lation within. Therefore, we may set this equation equal to 
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zero This now constitutes the familiar equation of continuity 
in the A, /X, V system of coordinates. 

To obtain the same physical statement in terms of potential 
we merely have to substitute the relation between flux density 
and potential gradient as expressed by the Fourier-Ohm law 
namely, 


u 


V 


w 


5 V 


d ni 


K 


d V 
d 


d V 

^ d Uz 


(60) 


In other words these equations state that the flow density in 
a. given direction is equal to the potential gradient in that 
direction multiplied by the specific conductivity. The minus 
sign indicating that the potential is decreasing in the direction 
of the flow. We will here take the specific conductivity to be 
unity and equal in all directions, that is, the material has unit 
specific resistance and is homogeneous and isotropic. 

We may, therefore, rewrite equation (66) for this case. 


u = 


V = 


w = 


a V 
a W] 

a V 
a m 2 

a V 
a «3 


(61) 


Substituting the values of dny, dn^ and dn^ as given by equa¬ 
tions (47), (48) and (49) in equation (61) we obtain. 


u = — hi 

V = ~ hi 


aF 

ax 

a V 
a fx 


(62) 
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Therefore, if we substitute the values given i'n equation (62) 
in equation (69), we obtain after changing signs: 

d / hy d V \ , g) y \ 

\ h2 hi dX/ d/i \ hi hs ^ n) 


+ 


/ ^3 S Z) \ 

V \ hi h2 b V / 


hi h^hi = 0 


(63) 


which is Laplace’s equation in orthogonal curvilinear coordinates. 
This simple method of deducing the above equation was first 
given by Sir William Thomson (see Mathematical and Physical 
Papers Vol. I, p. 25). 

We may now proceed to obtain the values of hi, h^ and hi for 
our case of normal oblate spheroidal co-ordinates from equations 
(38), (39) and (40) when combined with equations (44), (46) 
and (46). 

Thus differentiating equations (38), (39) and (40) with respect 
to X we obtain 


b X 

5T 


b y ^ 

dT ” 


d z 

5T 


At 


V 1 + J/2 




C V 1 + J/2 

A. 

c 


(64) 


Substituting these values in equation (44) we obtain 

J_ = V-L 

hi^ \c V 1 + pV \c V 1 -I- j/V "^ \ c X* — CV 


Simplifying we get 


1 _ X2 - 
X* - d 


( 66 ) 
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Similarly we obtain 

— = X 

^ y _ \ V 

^ ^ C Vl + pi 


1015 


^ _M \/X=- c2 

c) c ^ c^ — jji 


From which 




X^ — /j,^ 
c^- p? 


Again 


^ X _ _ \ fl V 

b V C (1+ I/2)3/2 


X jU 


;y 

b V ~ C (1 + y2p/2 

£> Z 


d 


= 0 


and 


Jl_ _ X* 

/fs' “ c2 (1 + v^y 


( 66 ) 


(67) 


( 68 ) 


(69) 


If we now substitute these values of ^ 4", in equation 

il\ /t2 hz ^ 

(63) we get 




c (1 + j/2) V ■ 




^^[xvx*-c^-|^] + 


- ^\rv 

c (1 + ?^2) V X* - £> At L 

_ cQy — fj?) 


bV 


i7r] + 




= ^^ra + „.)4L-|.o 

^2) d r L bv J 


( 70 ) 
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which is Laplace’s equation m our spheroidal coordinates X, 
[I and V. 

If now in place of X, p. and v we can find some function of X, 
some function of jx, and some function of v which, therefore, 
will represent the same set of orthogonal surfaces, and if we 
can choose these functions which‘we shall designate by a, /3 
and 7 , which of course are also functions of x, y and z, so that 
they are solutions of Laplace’s equation when expressed in 
rectangular co-ordinates, and, therefore, satisfy it when substi¬ 
tuted therein. That is, we would have, 


- a 


T I I 7 _ rv 

bx^ dy^ dz^ 


under these circumstances equation (70) will be reduced to a 
more simple and symmetrical form. It must be remembered 
that the existence of these functions a, 7 , is merely tenta¬ 
tive. The criterion for their existence will be given later. 

Equation (70) is Laplace’s equation expressed in terms of 
X, ju and j^. 

Assuming now that in equation (70) F is a function of X only; 
in that case 


d F 

d jji 


== 0 and = 0 
o p 


and equation (70) would then reduce to 


b 

bX 



- 0 


Integrating with respect to X we get 


(71) 


X V X2 ~ = Cl 


(72) 
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whence 


dV- - ^ ^ , 

XVX2--2 

(73) 

and integrating again 


V = -^ sec-i — + 

c C 

(74) 

Here F is a function of X which satisfies Laplace’s equa¬ 
tion. Call this value of V which, is a function of X and 
which satisfies Laplace’s equation, a leaving the constant ci 
undertermined thus 

da- 

X \/ X^ 

(76) 

and 


a = — sec-i — -f- Ki 
c C 

(76) 


The constant Ki is zero since, 

a = 0 

when X = c 

and sec-^l = 0 

As above assumed now that V in equation (70) is a function 

of /X only; in this case = 0 and = 0 and 
o A OP 



(77) 


(78) 

dv = 

jxV IX^ 

(79) 

V = - ii-sech-i-^ + K, 
c c 

(80) 


Integrating 
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Call this value of V which is a function of yu only, and which 


satisfies Laplace’s 
termined we have 

equation, /?, leaving the constant ^2 

unde- 


d R - ^ ^ 

M V — jU^ 

(81) 


jS =- £1 sech-' — + Ki 

c c 

(82) 

The constant of integrating is zero since 


when 

iS = 0 
pt == c 


and 

sech“‘l = 0 


Similarly 


(83) 


(1 + C . 

(84) 



(86) 


V = csltan-iy + Ks 

(86) 

If, as before, we call this value of F, which is a function of v 
only and which satisfies Laplace’s equation, y, leaving the con¬ 
stant Cz undetermined we have 


dy- 
^ 1 + 

(87) 


Y = C 3 taii~* V + Ki 

(88) 

The constant of integration Kz vanishes since 


when 

il li 

0 0 


and 

tan -^0 = 0 
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If we now substitute these values in equation (70) we can 
express Laplace’s equation in terms of our new functions a, jS 
and 7 and thereby obtain a simpler equation. To do this let 
us take equation (70) term by term. 

The first term is 


_M_^ 

c(l + 1/2) V'?T.'^2d X 



c) F ~| 

dX J 


expanding the indicated differentiation we get 


At 


c (1 + j/2) V c® 






b V 
dX 


+ X-v/X^- 


b2 V 
d X* 


)] 


(89) 


Prom equation (71) the first term within the bracket is equal 
to zero. 

If we now assign the following values to the constants, Ci, 
Ca and Cs 

Cl = — C 2 = c and cs = 1 
■We have from equation (73) 


d V ^ c 

X V\^— c* 

d2 V ^ _d_ / c 
X* -d X (x VX^-c^ 


V ^ - c [ (X^ - c2) + X^1 
d X2 x^ (X2 - c2) V'X^-c^ 

ISTow from equation (76) we have 

d X ^ XVX"- 
d a ~ c 

/£X\'^ XVX2 - c2 ) 

\d a/ 


( 91 ) 
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Combining (90) and (91) we obtain 


^ = (X2-c2) + X2 

d oP d d ^ y/ 

Now comparing (90) and (92) it will be seen that 

d^ V _ (f2 7 

d X2(\2-c2)(r^ 


(92) 


(93) 


If we now substitute this value of ^ in the second term of 
equation (89) we get 


_M_ 

c(l + j»2) V'c^-ijp 


IX v X^ — c® 


XHX^ 


_ 5^ V I ) 

-c^) b a^J ) 


or simplifying the first term of equation (70) when expressed 
V 

in terms of ^we get 
o or 


__ c 2)2 y 

X (1 + V^) Vx^-c^ (94) 

If we now perform the_same operation upon the second term 
of equation (70) which is 

c7l + V ^ ^ 1^] (96) 

expanding the indicated differentiation we have 

c" [1 + v^) [57 


& j 


(96) 
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Equation (77) tells us that the first term within the bracket is 
zero. 

Now from equation (79) putting = - c we have 
d V ^ ~ c 

ju. Vc^— jj? 

and then 

^ - M^) - U^1 

^ /t® (c^ — jx^) Vc^~ ^2 

From equation (81) we have 

d fx _ M V c* - ix^ 
d ^ 

d R? _ IX^ic^ — fX^) 

d ? (98) 

From (97) and (98) we obtain 


d^ V _ d^ V ^/x^ _ {(? — fx'^) — ■ 

d d ix^d c V7^ - fx^ 

Now from (97) and (99) it will be seen that the following relation 
exists 

d^ V 

d ix^~ fx^ (c2 - fx^) T~^ 

Hence substituting this value in equation (96) we get for the 

second term of equation (70) when expressed in terms of ^^ 

d 

the following. 

__Xc c)2 F 

ju (1 + v"^) V V X2-c2 

Now as before expand the third term of equation (70) 


c (X^ m") 

\ ji V ■— jj? 





1022 


RICE: ELECTROSTATIC PROBLEMS 


[Nov. 9 


and observe that the first term within the brackets vanishes by 
equation (83). 

Now from equation (86) putting Cz = 1, we get, 

dV 1 
dv 1 + 


From equation (87) 


dP- V _ -2v 

dv^ (1 + 


d V 
d 7 


1 + 


d 

d Y 


(1 + 1 '=)^ 


(103) 


(104) 


From (103) and (104) 


d^ V ^ V dv^ 
d ~ d d 


(106) 


Now from (103) and (106) we get 

d^ V _ 1 d^ V 

d ~ (1 + v^Y d 7^ 


(106) 


Hence substituting this value in equation (102) we get for the 
third term of equation (70) when expressed in terms of 
the following. 

c(X^-M^) ^LY (107) 

Xm (1 + ^ ^ 

If we now combine the three terms as given by equations (94), 
(101) and (107) we get 


1 V , 1 , X^ - = 0 

W ju’* X^ - 7“ 


( 108 ) 




1917] 


RICE: ELECTROSTATIC PROBLEMS 


1023 


or since from equation (76), (82) and (88) and remembering 
that we put = — ^2 = ^3 = 1 we have 

X = c sec a 

ix = c sech ^ (109) 

V = tan y 

we can now write equation (108) 

which is Laplace's equation expressed in terms of what have 
been called normal oblate spheroidal co-ordinates. 

When using this equation (110) it is to be noted that the 
point whose co-ordinates are (a, jS, 7 ) is the point of intersection 
of an oblate spheroid whose semi-axes are 

c sec a (major axis) 

c tan a (minor axis and the axis of revolution.) 

and a hyperboloid of revolution of one sheet whose semi-axes 
are 

c sech /3 (transverse axis) 

c tanh /? (conjugate axis, the axis of revolution.) 

and a plane containing the axis of revolution of the system and 
making the angle 7 with a fixed plane. 

If the axis of revolution is the z axis and the fixed plane of 
reference is the XZ plane; the rectangular co-ordinates of a, /3, 
7 , will be obtained by substituting the values of X, /x and v 
given by equation (109) into equations (38), (39) and (40). This 
substitution gives 

X — c sec a sech cos 7 

y — c sec a sech jS sin 7 ► ( 111 ) 

z = c tan a tanh jS 

TT 

If now we let a range from 0 to —^ from — 00 to + 00 , and 
7 from 0 to 2 TT, we shall be able to represent all points in space; 
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and if we agree that negative values of /? shall belong to points 
below a plane through the origin and perpendicular to the axis 
of revolution and positive values of /? to points above that 
plane. Then not only shall we have no ambiguity, but also 
the rectangular co-ordinates of any point in space as given by 
equations (111) will have their proper signs. (See Pig. 9) 

The above transformation of Laplace’s equation, as expressed in 
terms of the orthogonal curvilinear co-ordinates X, /x and v 
which represent an orthogonal system of surfaces, to the simpli¬ 
fied form in which it was expressed in terms of the new co-ordi¬ 
nates a, IS, y was made possible by the assumption that certain 
functions a, /3, 7 of X, /x and v exist. Thus we determined the 
value of a by solving equation (70) on the assumption that V 
is a function of X only; /x and v not entering. This means that 



Fig. 9—Confocal Ellipse and Hyperbola 


we assumed that the curvilinear co-ordinate X corresponds to a 
possible equipotential or isothermal surface, for in that case 
there would be a function of X which would satisfy Laplace’s 
equation. 

We may write it symbolically as follows: 

Starting with Laplace’s equation in terms of rectangular co¬ 
ordinates namely F = Q and remembering that X = / (x, y, 
z). Then if it happens that F == / (X) only, is a solution of 
Laplace s equation, then we may write it 

F = / (X) = a 

and upon substituting back in Laplace’s equation we would get 
the condition that 


a = 0 
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In other words, this means that a as found by this process is a 
value of the potential V corresponding to such a distribution 
that the surface obtained by giving particular values to X are 
equipotential surfaces. The particular value of the function of 
X, a is given in equation (76). 

^ The condition that such a function a should exist, for a 
given system of surfaces, that is, that the distribution described 
above should be possible will be obtained analytically below. 

We have seen that the required condition is merely that V 
in Laplace’s equation may be a function of X alone. 

If F is a function of X alone and we also remember that X 
is a function of :x:, y and 0 , we may start from this information 
to write out Laplace’s equation. 

We have 

V=fi (X) 

X = /a (x, y, z) 

Hence 

dV ^ dV dX 
d X d X d X 

dV ^dVdX 
d y d X d y 

d V ^ dVdX 
d z d X d z 

Differentiating again we obtain 

V _ d^ Vd X^ dV 

d X^ dx^ dX dx^ 

V _ d^ Vd X^ dV X 

dy^ d X2 dy2 + iX dy 

c)= V Vd F X 

Adding these three equations and equating the result to zero 
in order to obtain Laplace’s equation we get 

V ^ ^ ^ 

d d y2 ^^2 
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X xn a 

ay a^^ x ^ 

We thus have obtained an expression for Laplace’s equation 
based upon the assumption that the potential V shall be a 
function of X alone. If we now write it 

a^ X a^ X a^ X 

a a a 

This may be written in symbolic form 


V 

d 

Tv 
d X 




where Fi (X) may be any function of X alone. Thus our re¬ 
quired condition is that 

^ = W ( 112 ) 

and when this is fulfilled the original curvilinear co-ordinate X 
corresponds to a possible equipotential or isothermal surface 
and in this case a function a exists. If similar relations are 
found to hold for /? and y reduction of Laplace’s equation 
to the so-called S3rmmetrical form is possible. 

^ Similarly we determine the values of ^ and y on the assump¬ 
tion that V is a function of /x only in the case of /S and a function 
of V only in the case of y. In that case it is evident that 

0 = Q and in the second case 
A2 Y = 0 

It is therefore evident that 0 is a, value of V corresponding to 
such a distribution that the surfaces obtained by giving par- 
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ticular values to n are equipotential surfaces; and that 7 is a 
value of V corresponding to such a distribution that the sur- 

particular value to v are equipotential 

From what has been said above it is evident why Lame, 
the inventor of this system of co-ordinates called the functions 
a, p and 7 thermometric parameters.®* 

The analytical method of obtaining the criterion for the 
existence of these functions /3 and 7 is exactly the same as that 

tor the case of a which has been worked out. It is in the case 
of A 


and it is for /x 


and for p 


A2 X 

(X) 


A® 


= F, (p) 


A® V 


= Fa {v) 


(113) 


When these three conditions are fulfilled for X, ix and the 
original curvilinear co-ordinates X, }x and v correspond to pos¬ 
sible equipotential or isothermal surfaces and thermometric 
parameters a, /? and y exist and the reduction of Laplace's 
equation to the so-called symmetrical form given by equation 
(108) is possible. 

In all of the above work I have followed the development of 
the subject of orthogonal curvilinear co-ordinates as given in 
Byerly s Fourier Series and Spherical Harmonics pages 238 to 
245 and merely tried to give an unexpurgated description of 
the process. T. hat is, I have tried to fill in some of the steps 
in the process which are necessary in order that the average 
engineer may follow the development with ease. 

T he solution of the problems given in the following pages is 

38. Numerous references to Lamp's work will be found in the follow¬ 
ing works. 

Maxwell, Electricity and Magnetism, page 232; Webster, Electricity 
and Magnetism, page 22, 64,173; Byerly, Fourier's Series and Spheri¬ 
cal Harmonics, page 244, 274; J. H. Jeans, Electricty and Magnetism, 
page 247; Goursat-Hedrick, Mathematical Analysis, Vol. I, page 80; 
1. Todhunter, The Functions of Laplace, Xamd and Bessel, page 210, 
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due to Professor W. E. Byerly. I had been struggling with the 
problem for some time without success and finally took the 
liberty of writing Professor Byerly concerning my troubles. 
His’^reply of January 9 th, 1915 to my letter exceeded my ex¬ 
pectations for it gave the desired solution as given in the fol¬ 
lowing pages. On February 17th, 1915, I had the further 
privilege of talking over the problems with him, at which time 
he cleared up the remaining troublesome points. 

Potential at any Point in Space 

Laplace’s equation (110) expressed in the symmetrical form 
was seen to be 

cos^ a + cosh 2 13 + (cosh 2 - cos^ a) = 0 (114) 

In the present problem we wish to determine the potential 
at any point in space between two confocal hyperboloids; one 
of which is chosen to represent the tank with a hole in it; the 
other representing the rod or connection which passes through 
the hole in the cover of the tank. 

The potential V must satisfy the above equation and is a 
function of (3 only. This follows from the fact that the equi- 
potential surfaces will be confocal hyperboloids of revolution. 

Therefore, we have. 


5-^. =IOland|„ = 0 


and Laplace’s equation reduces in ourjcase to 


cosh^ /3= 0 


This equation must be true for all values of and V and since 

52 y 

cosh^ /? is not zero for all values of jfi, ^-^2 must be equal to 
zero. Thus our equation will be 


V 
b ^ 


= 0 


(116) 


The solution of this differential equation is seen to be obtained 
as^follows: 
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Integrating, 



dV = Ad B 

and 

A ^ + C (116) 

which IS the solution for the potential at any point in space. 

he values of the constants of integration A and C will be found 
from the conditions of the problem. 

Thus if /? = ^0 for the hyperboloid selected as the tank with 
hole m it, the potential is 

F= 0 

Assuming the tank to be grounded, 

Hence 0 = H |So + C 

Also when = /?i for the hyperboloid selected as the electrode 
which passes through the hole in the tank 

Hence 

Hi = H + C 

Solving these equations simultaneously we have 



(117) 


Substituting the values of A and C as thus determined into 
equation (116) we have. 


or 


V = 


Vifi 
/?i— ft 


+ 


Fi 


1 - 


h. 

ft 


V = 


Hi 

ft 


(i8- ft) 


(118) 


which is the complete expression for the potential at any point 
in space under the assumed terminal conditions. 
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From considerations of symmetry it is obvious that the po¬ 
tential has circular symmetry about the axis of revolution; and, 
in this case, the z axis has been chosen. 

We may now determine the potential at any point in space 
in rectangular co-ordinates as follows. Suppose we desire the 
potential at the point z for the case in which the semifocal 
distance is c. 

We have for the value of m which is the semi-transverse axis 
of the hyperbola 

IX = I {P F^ - P F,) 

(see Fig. 10) 



Fig. 10— Hyperbola 


Hence, 

^ ^ j" V {x + cY + z* - y/ {x- cY + (119) 

Also from equation (109) we have, 

.ix^c sech /3 

cosh == ~— 

M 

jd = cosh”^-^ (120) 

Thus we can determine the potential at any point P in space 
under any desired conditions of c, /3o, Vi. 
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Potential Distribution on the X-Axis 

For this case we have s = 0 in equation (119) and hence it 
reduces to 

M c ' (121) 

Now under these conditions fj, and x are identical in value for 
points along" the x axis between the origin and the focus. We 
can, therefore, use equation ( 120 ) directly without reference to 
equation (119) or ( 121 ). 

Thus we can determine the values of /?! and /3o for any value 
of /X from equation (120) or rewriting it here 

jS = cosh-^-^ (122) 



Fig. 11—Calculated Potential Distribution Along the Z-Axis 

If we select for the hyperboloid /3o the limiting case that of the 
infinite plane with a hole in the centre /3o = 0 for 

/3 = cosh~^ — 

where ^ = c 

= cosh”^ 1 = 0 

We may then write equation (118) as follows:— 




( 123 ) 
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The potential distribution for this case is shown in the curve, 
(see Fig. 11). From this curve we may find the proper spacing 
for the hyperbolas which when rotated about their z axis cut out 
the equipotential surfaces for unit differences of potential. All 
we have to do is to divide the potential into equal increments 
and note the corresponding value of /jl or x. In this manner 
we can construct a diagram similar to Fig. 12. In the case 
before us the potential has been divided into 51 equal increments. 



Potential Gradient at any Point in Space 
The potential gradient is defined as the rate, of change of 
potential in the direction of the greatest decrease in potential, 
that is, along the normal to the equipotential surface in the direc¬ 
tion of decreasing potential. The sign will depend upon whether 
our unit normal is taken in the direction of increasing or decreasing 
potential. For the former case the expression for the potential 
gradient will be positive and for the latter negative. By refer- 
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ence to Figs. 7 and 8 and remembering that we have assumed 
the tank to be at zero potential it will be seen that we have 
selected the differential normal d rii in the direction of decreasing 
potential and, therefore, our expression for the potential gradient 

will be — . 

a fii 

We have seen that the potential at any point in space is 
given by equation (116) and is 

V = A 

Thus the potential gradient will be 


dV . d /? 

where d 712 is the normal to the surface /x = /ioj (s- constant), 
and in the direction of decreasing potential. 

In order to determine ^ we have the relation 


/S = sech-i — 
c 

Hence, 


c 

Now we have seen from equation (48) that 


d 


712 


d jl 

h2 


Equation (67) gives us the value of 

J_ ^ 

hi‘ (? — ij? 


(126) 


(126) 


h 



(127) 
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We may now substitute this value in equation (126) and we 
obtain 


= (128) 

Thus, 

AJL = \/ ~ (129) 

d 712 


Combining now equation (126) and (129) we have, 


or, 


and 


d V 
d n2 

^ d \x 
~ ^ d lid 712 

(130) 

d V __ 
d %<> 

Ac \/ 

11 — fl^ 

(131) 

d V __ 

A c 

(132) 

d 712 

JU V V - 


The value of the potential gradient at any point in space. 

The value of the constant A is that given in equation (117) 
and in order to determine the values of fx and X in rectangular 
co-ordinates we have the relations given by equations (109) and 
(111). It will here be observed that the potential gradient is 
independent y which is obvious from the symmetrical arrange¬ 
ment, that is, the potential gradient will be similar for any of 
the diametral planes y = constant. Thus, we may write 


also, 


X ^ c sec a sech ^ ] 


\ 

(133) 

y = c tan a tanh ^ ] 


X == c sec a j 



(134) 

H = c sech j8 j 



These equations in combination with (132) enable us to calcu¬ 
late the potential gradient at any point in space in rectangular 
co-ordinates. (SeelFig. 9.) 
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Curves of Constant Potential Gradient 
The curves of constant potential gradient may now be ob¬ 
tained by putting 


Then 


dV _ ^ _ Ac 

d ju V ~ ^2 

(136) 

IX == — 

(136) 


Thus for any given condition the right hand side of equation 
(136) is a constant. If we now substitute the values of X and 
jLt as given in equation (134) we may write 


I {-h) 

seca- + 

or for purposes of calculation we may put fpr 
sech^ /3 = 1 — tanh^ /3 

and we have 


sec a = ± ^ (1 ~ tanh^ /?) + ^^^T) 

where the values in terms of x and y are 

X = c sec O' sech /3 1 

y — c tan a tanh jS J 

The curves of constant potential gradient as calculated from 
these equations are shown in Fig. 13. 

Potential Gradient Along the X Axis 
The value of the potential gradient at any point along the 
X axis between the origin and the focus may be obtained from 
equation (132) as follows: 

From equation (111) we have 

z - c tan a tanh /3 
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Now when s = 0 

c tan a tanh jS = 0 
and since c tanh is not zero we have 

tan O' = 0 
a: = 0 



Substituting this value of a in equation (134) 

\ — c 


and further upon substituting this value of X in equation (132) 
we have 


d V ^ A c 

d 712 — 


( 138 ) 


The potential gradient along the x axis. 
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Another method of obtaining the same result is to observe 

dV 


that the potential gradient along the 5^: axis is merely — 


d fx 


since the hyperbolas cut the x axis normally. Thus as we have 
seen 

V=A^+C 


Differentiating with respect to /x 



Also, 


d jjL d IX 


/3 = sech”^ — 


Hence differentiating 


d IX d IX 


A c 


V ix^ 


Thus, 


dV 
d ju 


A c 








(139) 


Fig. 14—Calculated Poten¬ 
tial Gradient between Rod 
AND Edge of Plane 


which is identical with equation 
(138) and is the potential gradient 
along the x axis between the origin 
and the focus. The potential 
gradient curve for this case is cal¬ 
culated and plotted in the curve 
Fig. 14. 

Testing this equation for the values = 0 and /x = c it will 
be observed that the potential gradient is infinite at the edge 
of the hole in the plane or focus and at the origin or along the 
z axis. A minimum value of the gradient'will exist somewhere 
between these two limits. Its value will be found in the usuaT 
manner as 

d ^\d ix) 


Thus differentiating equation (139) with respect to m and equa¬ 
ting the result to zero we have 
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(P_v _ A c[(c^- M^) - M^] 

d ix^ fj?" {b^ — 


A c{{c^-2 ix^)] 

jj? (b^ — 


Equating to zero and observing that .4 c is not zero we have 

= 2 jj? 


M = 


V2 


(140) 


Thus the minimum value of the potential gradient occurs at 
this point which is about 71 per cent of the distance from the 
axis towards the edge of the hole in the infinite plane. 

The potential gradient curve enables us to determine the 
proper size of central electrode so as not to over stress the 
dielectric. Or by selecting the hyperboloid which we choose to 
represent our tank with hole we can select a central electrode 
which has the same value of the potential gradient or any other 
value which we may desire for other reasons. Knowing the 
characteristics of our dielectric used we can determine the 
puncture voltage of the apparatus, etc. 


Solution for the Tubes of Flow or Flux 
The flux or flow across any area may be defined as the surface 
integral of the normal component of the flux density, and as 
we have seen from equations (66) and (67) this in turn is equal 
to the normal component of the potential gradient. 

Thus, 

d V 

d iti 


or I I dV 

d rii 

We have from equation (132) 


SS 

Sf 


dfti d nz 


d S 2 


( 141 ) 


d V _ A c 

d n2 /4 V — /x^ 
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We also have for the values of d ni and dn^ovd S 2 , equation (61) 


d S 2 = dnidfiz — 


d\dv 
hi hz 


(142) 


and from equations ( 66 ) and (69)we have 


1 _ \/}L:U^ 


1 _ Xm 

h, c (1 + V^) 

Substituting these values in (142) we get 


.a AmV Xm \ 


d'Kd V 


{c (1 + v^)) 

and combining in equation (141) and simplifying we get 


ff 


^ V fi So = ^ ^- d\dv 

drii VX^-cMl + i-') 




\d\ 


V - c2 


Integrating the first part between the limits v 0 and v I'd 
we have, 


tan-iy+KJ^^^ = - tan'i 


Vo 


and since yo may have any value we can neglect it as far as the 
spacing of the surfaces of flow are concerned. Integrating th 
second part between the limits X = Xo and X - \i we have 


f 

X *Xo 


__ "IX »Xi 

^\^-c^ + K\ 


\d\ 
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That is we have 



d V 
d n2 


dS2 


= A (V Xo^ — — 


If we now remember that from .equation (109) 
X = c sec a 


V X: - d) 


(143) 


we may write 



d V 

d 712 


d S 2 — A c (V sec^ ao — 1 — 


V sec^ Oil — 1) 


Also, sec^ oi — I — tan^ a 

Substituting we get 


(144) 



d V 

d S 2 A {c tan — c tan ai 


(146) 


But it will be observed from Fig. 9 that c tan a is the minor 
axis of an oblate spheroid, and, therefore, for equal tubes of 
flow the surfaces will have any constant spacing on the minor 
axis of the spheroid. (See Figs. 12 and 13.) 

In the above work we have obtained the solution of the electro- 
static problem in which any two confocal hyperboloids of revo¬ 
lution of one sheet and of the same family are maintained at 
definite potentials. The solution of this problem should be of 
interest to engineers as it furnishes us with a solution which 
may be applied as an approximation to many engineering prob¬ 
lems. For example, it is a useful guide in studying the high- 
voltage bushing problem; it also gives us an interesting variety 
of possible electrode shapes for use in testing insulating materials, 
where it is very desirable to be able to calculate the gradients, 
etc., etc. 

Another problem which should also be of considerable in¬ 
terest to engineers is the case when any two confocal hyper¬ 
boloids of revolution of two sheets and of the same family are 
maintained at definite potentials. The solution of this problem 
may be applied as an approximation to another group of prob- 
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lems which are of frequent occurrence in engineering. For 
example, it may be applied to switch electrodes at various 
spacings; also as an approximation in vacuum-tube designs, 
such as X~ray tubes, kenotrons, etc. That is, it is an approxi¬ 
mation to the group of problems of two elongated electrodes at 
various spacings, or such as an electrode, and a plane {i.e., two 
needle points or a needle and a plane). 

The solution for this case is obtained in exactly the same 
manner as that described above except that in this case we 
select as our standard ellipsoid the prolate spheroid and express 
Laplace’s equation in normal prolate spheroidal co-ordinates. 

Two other problems namely, the distribution of the electro¬ 
static field about the charged oblate or prolate spheroids are 
obtained in exactly the same manner. 



Pig. 15— Intersection of Prolate Spheroid, Confocal Hyperboloid 
OF Two Sheets and a Plane through the Axis of Rotation 


Normal Prolate Spheroidal Co-ordinates^^ 

In this case we take for our standard ellipsoid the prolate 
sphei'oid, the axis of rotation is then the major axis and our 
plane must contain that axis. Taking the x axis as axis of 
rotation and the XY plane as plane of reference we have for 
the equation of our three orthogonal surfaces the following. 
(See Fig. 15). 

£!. + = 0 
X2 ^ X2_ ^,2 X 2 - 62 


^2 ^2 _ ^2 _ J 2 


(146) 


z— vy = 0 j 

39. See Byerly Fourier's Series and Spherical Harmonics, page 243, 
from which this discussion has been taken. 
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where \^ > 

Here, &, is the semi-major axis of the prolate spheroid. 

Solving the three equations simultaneously for the values of 
X, y, z as functions of X, n and v as we did in the oblate spher¬ 
oidal problem, and then differentiating these partially with 
respect to X, ju and v we will have functional equations as before, 
namely; 


= /a (X, v) 
= /s (X, v) 


and similar relations for x, y, z with respect to ix and v. 
We also have as before 


\b\) [b 

\2> M/ ^ V M/ ^ W M/ 

hs^ \d vj ^ \d v) \d v) 

and obtain the following values 


( 147 ) 
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From this we have 


d rii 




hx 


X*- 6 ^ 


d m 


_ 


2 _ „2 


6 ^- iB 


d n 


(148) 


, dv A - b^) (b^ - 


and Laplace’s equation in terms of our spheroidal co-ordinates 
X, fJL and V becomes. 


(1 +v^)b\ 


[(X=-.)|^] 


+ 




+ 


(1 + v2) 5 M 




(X 2 - (&2 - /x2) d V 

[(1 + v^) Iv] = 0 (149) 


and reduces in exactly the same manner as the oblate spheroid 
problem to 


1 d" 1^' 1 b' F 


X2 - ^ y 


X2 - Z>2 5 b^- fx^?> ^ (X^ - b^) (b^ - /i') b 7^ 


= 0 

(160) 


Where 


d a = — 


d 


d 7 


X^- 

i 2 - 

1 

1 + V2 


d X 


jU 


d V 


( 161 ) 
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a == coth“^ 

b 

/3 = tanh~^ -4- 
b 

7 = tan“^i; 

X = J coth a 
M = 

V = tan 7 


& tanM jS 


(162) 


(163) 


Substituting these values in equation (160) we obtain Laplace’s 
equation in the form 


" 5^ + cosh^ (sinh^ « + cosh^ /S) = q 


(164) 

In using this equation it is to be noted that the point (a, /?, 7) 
is the point of intersection of a prolate spheroid whose semi¬ 
axes are 


b coth a major 
b csch a minor 


(166) 


a biparted hyperboloid of revolution whose semi-axes are 


b tanh ^ transverse axis 
b sech jS conjugate axis 


and a plane containing the axis of revolution and making the 
angle 7 with a fixed plane. If the fixed plane of reference is 
that of ZF the rectangular co-ordinates of any point in space 
(a, / 3 , 7) are 


X = b coth a tanh /3 
y = b csch a sech /3 cos 7 
z = b csch a sech /3 sin 7 


( 166 ) 



1917] 


RICE: ELECTROSTATIC PROBLEMS 


1045 


and a may range from + oo to 0 , jS from — oo to + <=» ? and 7 
from 0 to 2 TT. Negative values of jS are to be taken for points 
lying to the left of a plane through the origin perpendicular to 
the axis of revolution; in this case, to the left of the YZ plane. 
(See Fig. 16). 

Potential at any Point in Space 
If we are given the potentials of any two confocal hyperboloids 
of two sheets, that is, for any two values of j3 we can obtain 
the potential at any point in space between them. For in that 
case we have seen exactly as in the oblate spheroid problem that 
F is a function of /? only, hence in Laplace’s equation 



Fig. 16—Confocal Elipse and Hyperbola 


Since cosh^ jS is not equal to zero for all values of /3 Laplace’s 
equation reduces in our case to 


V 

b i82 


= 0 


(167) 


The solution of which is seen to be 

V == A ^ + C (168) 

The constants A and C will be determined from the boundary 
conditions of the problem as before. 

Assuming the case 


F = 0 when jS == 0 
F = Fi when /3 = /3i 


( 169 ) 
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Substituting these values in equation (158) we get 


C = 0 



) 


Thus we may write our solution under these boundary conditions 
simply as 

F = (160) 

or since /3 = tanh“^ ~ 

0 



Fig. 17 —Calculation of Potential Distribution along the X-Axis 
we may write it in terms of /x and h as follows. 


V = - ^ -tanh~^ ~ 

tanh-» ^ 

0 


(161) 


This equation enables us to calculate the potential at any point 
along the x axis between the foci and has been plotted in Fig. 

A diagram of the field has been constructed in the same manner 
as described above for' the oblate problem. (See Fig. 18) 
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Potential Gradient at any Point in Spaee 
The potential gradient will be 

UL = ( 162 ) 

d n2 d 

where d is the elementary normal to the surface of the hyper- 

. dY 

boloid (say for /x = Mo) under consideration. The sign 



which expresses the potential gradient is here taken as positive 
that is, dn 2 is assumed to be in the direction of increasing 
potential. 

In order to determine /3 we have the relation 
= tanh~^-^ 


Hence, 


d j8 ^ b 
d IX — fx* 


( 163 ) 
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We also have 


dn, = ^ 

II2 


and 

AE = A / - IJ? 
d rii — ix^ 


( 164 ) 


Thus for the gradient we have from equations ( 163 ) and ( 164 ) 


^ ^ ^ ^ d M _ . b 

d d IX dui ^ b^ — fx^ — /x^ 

Simplifying 

d V _ _ A b 

d V'(&2-^2)(X2-^2) 


( 166 ) 


which is the potential gradient at any point in space. It is 
observed that the potential gradient is independent of y as is 
obvious from the symmetry of the problem. We may, therefore, 
express the potential gradient at any point in space in rectangu¬ 
lar co-ordinates with the help of the following relations (See 
Fig. 16). 


and 


X = 5 coth a 
fx = h tanh ^ 


X = b coth a tanh ^ 
y = b csch a sech /? 


Curves of Constant Potential Gradient 
The curves of constant potential gradient may now be ob¬ 
tained by putting equation equal to the various constant values 
desired. 

Thus, 

V {b-^- fx^) (X2- fx^) 


V{b-'‘- fx^) = 4^ 

G 


( 166 ) 
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Thus for any given condition and value of potential. gradient 
G the right hand member of this equation is a constant. 

If we now substitute the values of X and jU we may write it 
for the purpose of calculation. 


I (-)■ 

cotha- + 


V-OV-12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22- 



Fig. 19 


or if tables of sech^ /3 are not available we can write it 


coth a — zAz 


tanh^ + 



1—tanh^/S 


( 167 ) 


The values of % and y are 

X = b coth a tanh j8 

y = b csch a sech jS 

The curves of constant potential gradient as calculated from 
these equations are shown in Fig. 19. ' 
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Potential Gradient Along the X Axis 
The value of the potential gradient at any point along the 
axis between the origin and the foci may be found directly 

from the general equation ( 166 ) or independently as 

O' jJL 

It is the value obtained when y = 0 

y = 0 = 5 coch a sech a lo_ 

and since b sech 13 is not zero we have ^- L 

csch o: = 0 ®-— •!"""• 


sinh a 

a = CO 

Substituting this value in the equation 

X = J coth a 

we have coth 00 = 1 
and X = & 

Hence substituting X = 6 in our 
equation ( 166 ) for the potential 
gradient we get 
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THE X-Axis 


d V _ _ ^ ^ j 

^ ~ V {b^- ( 62 - ^ 2 ) "" 

for the value of the potential gradient along the x axis between 
the foci. The curve is shown in Fig. 20. 

Solution for the Tubes op Flow op Flux 
The total flux across any area may be defined as the surface 
integral of the normal component of the flux density; in the 
case of air dielectric, flux density and gradient are equivalent. 
We may, therefore, write it 


dnidtiz 


JJ. 
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we have seen that 


d V ^ Ad _ 

d n2 V\b^^ ^2) (X2- /x2) 



Substituting these values and simplifying we get 

As far as the spacing of the surfaces of flow is concerned we may 
neglect the integration with respect to v by reason of the sym¬ 
metry of the tubes of flow about the axis of rotation. 

We thus have, 



d S 2 ^ A (Xo— Xi) 


But we have seen that 


X = 6 coth a 

also that b coth a is the major semi-axis of the prolate spheroids. 
Therefore, equal tubes of flux will be obtained by taking equal 
spaces along the major axis of the spheroids. (See Figs. 18 
and 19). 
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Discussion on '‘An Experimental Method of Obtaining 
THE Solution of Electrostatic Problems With Notes 
ON High-Voltage Bushing Design/’ (Rice), New York, 
N. Y., November 9, 1917. 

Ralph Mershon: There is one matter on which I shall be 
glad if Mr. Rice can give us some light. That is, as to what 
will happen in case the bushing has an arc-over backed up by 
considerable power; and as to what work, if any, has been done 
in devising means of protecting bushings from the effect of power 
arcs. This is a subject which is not perhaps immediately ger¬ 
mane to Mr. Rice’s paper, but which certainly is germane to 
the matter of bushings and insulators. It is a subject which 
has interested many of us for a long time. 

Some time ago I conceived the idea that if we could build an 
insulator in the form of a framed structure the members of 
which were made up of units of massive porcelain we would 
have an insulator which it would be impossible to puncture 
and that if the members were so arranged that in case of a flash- 
over the resulting power arc could rise freely from them, we 
would have an insulator which would also be free from damage 
by power arcs. 

After a great deal of difficulty I succeeded in having made out 
of porcelain the units for constructing the members of the struc¬ 
tural insulator. These units were made up of solid poi-celain, 
with comparatively small petticoats; they each had a net length 
of about nine inches. They were connected together end to 
end to form the .structural member by cementing the ends into 
metal collars. The shape of the completed member was a good 
deal^that of the outside of the bushing shown in Fig. 3 of Mr. 
Rice s paper. The manufacture of the units involved the pro¬ 
duction of massive porcelain absolutely free from flaws and hav¬ 
ing a high tensile strength. The units as constructed could be 
flashed over indefinitely under oil without puncture. They had* 
a strength in tension of from 13,000 to 16,000 pounds, which 
meant, as I remember it, a unit stress of about 2000 pounds per 
square inch. 

These imsulators tested out very nicely with a testing trans- 
absolutely impossible to puncture them, and 
following a flash-over immediately rose from the surface 
of the insulator, as contemplated. But when the insulators 
were subject to a flash-over backed up by large power capacity 
the story was an entirely different one. 

Through the kindness of_ the Pennsylvania Water & Power 
Company a portion of their generating plant was put at my 
msposal for power arc tests. A test was made on several of 
tne porcelam umts above described, assembled as they would be 
in one member of a structural insulator. This structural member 
was placed in a horizontal position and arcs started across its 
surface by means of fine wire fuses. In every case the arc 
instead of rising from the porcelain units as it had done in the 
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case of testing transformers, and as it seemed to me it ought to, 
would not rise at all. It hugged in close against the petticoats 
and peeled them off, one by one. If the arc was allowed to 
continue long enough, it took pieces from the porcelain core, 
after having denuded it of the petticoats. The endeavor was 
made to protect the units from the power arc by arcing-rings, 
or similar devices, but without success. The power arc in every 
case stubbornly persisted in clinging close to the surface of the 
porcelain units. I have never been able to satisfactorily account 
for the peculiar behavior of the power arcs in this experiment, 
or to explain why the behavior should be so different in the case 
of heavy power arcs and the light arcs obtained from a source 
of limited capacity. 

In the case of the bushing shown in this paper, which will 
presumably be used on transformers, switches, etc., to go out 
of doors, and which may arc over at times, no matter how care¬ 
fully they may be designed or how great their factor of safety, 
I wonder what, if any, provision is contemplated to protect 
them from the effects of an arc backed up by a lot of power. 
If it is intended that they shall not arc over at all, we might 
recall some of the experiences we have had in the past with 
apparatus which was not going to do certain things. 

C. O. Mailloux: The method described by the author, aside 
from its practical value as a means of graphical representation 
of the distribution of points of equal stress and of the course of 
the lines of action of force and energy between points having 
different degrees of stress, is of the highest theoretical interest. 

The author has made a very important contribution to our 
working tools in physics, and to our methods of dealing with 
fields of force and their distribution in space. We find, in this 
paper, what is perhaps the first instance where engineers have 
been called upon to make personal acquaintance with the well 
known and time-honored ^‘Equation of Laplace. I do not 
remember ever having seen, before, a paper not on a distinctly 
and purely physical subject in which that equation made its 
appearance. Anybody who has studied the potential function 
and who has made a passing acquaintance with Laplace’s 
equation has acquired a great respect for it. He has learned 
that it is, indeed, a most wonderful naeans of analysis and a 
most potent tool for the physicist. It is agreeable to find that 
it will no longer be monopolized by the physicist, but that the 
electrical engineer is now going to make use of it. If, fiiteen or 
twenty years ago, anyone had said that the electrical engineer 
would some day be able to handle the potential function and 
to use Laplace’s equation as beautifully and as effectively as it 
is done in this paper, he would not have been believed. ^ 

It is especially in the study of fields of force in tridimensional 
space,—^the most interesting, but also the most difficult field of 
physical research—that the equation of Laplace has proved a 
most wonderful instrument to the mathematical physicist, it 
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has done this by virtue of certain remarkable properties which 
enable it to render valuable aid in the specification and the de¬ 
termination of the physical conditions obtaining: in fields of 
force at the stage of action of the forces involved, at which a 
state of balance or equilibrium, either transitional or permanent, 
occurs. Its range of adaptability to fields of force problems is 
very great, being, indeed limited only by the mathematical 
knowledge and skill employed in its use. It can, theoretically, 
be applied to fields of force in which the lines of force, or the 
lines of flow of energy, follow paths of the most diversified char¬ 
acter from the simplest, like straight parallel lines, to the most 
complex, like some of the cases discussed in the paper. 

What interested me very much is the very ingenious develop¬ 
ment of methods by which the author, starting from the consid¬ 
eration of Laplace’s equation in ordinary rectangular coor¬ 
dinates, develops and applies it to a very complex system of 
coordinates, designated as ‘‘Normal prolate spheroidal co¬ 
ordinates.” That may be an awe-inspiring name to many of 
you, but it is a name well worth becoming familiar with. ■ Even 
though it may take some time and .study to learn all of the 
mathematics which precede it, it is well worth while. Laplace’s 
equation has, as I just said, some remarkable properties; and 
one of its most remarkable properties, is that it enables phys¬ 
icists to^ reason about the phenomena incidental to the action 
of^ physical forces, and to reach absolutely logical, rigorous, 
scientific and true conclusions without the need of any postu¬ 
lates or any assumptions as to the intervening media, in other 
words, as to the nature and properties of the ether or of any 
medium in space through which force acts, and in which fields 
of force are produced by physical forces. It was, in my opinion, 
one of the great achievements of Laplace, that he was able to 
devise an instrument of thought, an instrument of mathematical 
analysis, the use of which was independent of any such com¬ 
plicated, worrisome and perplexing postulates. With Laplace's 
equation, used in each case in manner suitable for the purpose 
in view, it is possible to deal with the distribution of force under 
a great variety of circumstances, to determine exactly what is 
going to happen, and to obtain very interesting, useful and 
beautiful results. 

* interesting feature of the mathematical part of this paper 
modification of the system of co-ordinates which 
the author has worked out, he is able to apply and utilize La¬ 
place’s equation in the study of the distribution, flow, and ap¬ 
portionment of forces under conditions where the lines of flow 
are no longer as you would find them in space which is free from 
all constraints or boundary conditions, but such as they are in 
certain special conditions, where the field is distorted by con¬ 
straints and barriers, causing various reactions, as described in 
the paper and as shown in the diagrams. 

The author s initial statement in the Appendix is almost con- 
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tradicted by the fact that he himself has seemingly succeeded 
in finding solutions of Laplace’s equation, which do fulfill at 
least some, if not all, of the arbitrary conditions involved in 
the problems. Further success and a nearer approach to the 
goal will result, presumably, from further modifications of co¬ 
ordinate systems still better adapted than those thus far de¬ 
veloped and used for expressing the points of freedom, and the 
constraints necessary in the given case. 

In conclusion, I consider this one of the most interesting 
mathematical papers that has been presented before the Ameri¬ 
can Institute of Electrical Engineers in a long time. It is 
interesting, not only on account of the useful application made 
to an immediate practical purpose, but also because, it shows a 
new development and an extension of a method of using the 
equation of Laplace, and at the same time contains ideas which 
may be followed by others, and may lead to still further exten¬ 
sions of the method, so that, in presenting a new method of 
study of phenomena occurring in fields of force, the author has 
incidentally made a very interesting contribution to applied 
mathematics. 


John B. Taylor: I am rather curious to know how you get 
such beautiful curves in a method where the devices introduced 
for observing the quantity you want to know, chpge the condi¬ 
tions under which you are working; that is, how is it possible to 
get this exploring point all through the medium without making 
apparent a change in conditions. - It is trite to say when you put 
a voltmeter in the circuit you shall not draw so much current 
that the voltage is made different, or that an ammeter shall not 
have so much resistance that the current is changed. In acous¬ 
tics we have difficulty in determining the form of vibration in the 
air, because the diaphragm usually changes the vibration at that 
particular point, and doubtless similar difficulties exist here, 
and I will be glad, if it is not covered in the paper, to hear a word 
in reply as to how that has been regarded. 

A. M. Gray: I have had considerable success with the follow¬ 
ing photographic method of obtaining the dielectric flux lines 

in two-dimensional problems. 
To obtain the stress distribution, 
^ ill slot insulation, for example, 

a model of part of the slot and 
conductors was made of metal as 
X shown in Fig. 1, and placed on a 
X'k n T photographic plate, the two 

I X\X^ pieces were connected to the 

high-voltage terminals of '^ a 
transformer, the low-tension side 
p . of which was excited by direct 

current, and an impulse of high 
voltage was applied across the insulation by opening the dire(^- 
current circuit. No flash was visible but on developing the 


plate the flux lines showed up beautifully. 
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chiefly due to the limited ti-mp o "the paper, 
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in the present paper, naSdv the Lc 

of equipotential surfaces for the t^a cross-sections 

the original intentSo worl oi the 

and error method, which Mr RW by the trial 
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intensities along the surface as nearly uniform as possible. It 
appars probable that when substantial uniformity of stress is 

^^ obtained by slightly deforming the insula¬ 
tion from the shape of the flow line. 

^femng-to Mr. Rice’s calculation for the arcing over of the 

^ ’^^Sret to have to 
his conclusions do not agree with results of tests 
perhaps the original statement in our paper for the 

£S?natTn^°^ test_ piece led him astray, we owe him some 
explanation. The onginal test was made on a very iumpy cir- 

calibrating the sphere gaps. The value quoted was the lowest 
obtained, whereas, as I have pointed out in connection with 
calibrations on such a circuit, with apparatus on 
^ character, the high values are the correct ones to 

Ss L noi racord°' measuring de- 

P^®®® not make any appreci- 

able difference m breakdown voltage if it were dirty or not - We 

floor|for thiree months to accumulate a heavy 
coating of dust, and it tested just as high as when clean. 

Later on the electrodes were carefully re-cemented in such a 
way as to do away with the possibility of air pockets, etc., and 
when tested again under better conditions the breakdown value 
by ratio lay between 180 kv. and 190 kv. With proper correc¬ 
tions for crest value, this would represent an effective value of 
somewhere between 197,000 and 218,000 volts. Tests on this 
test pmce were witnessed by a number of people, among them 
Frof. H. J. Ryan and Mr. Lieb. 

I wish to take this opportunity to correct some wrong con¬ 
ceptions that have formed in ponnection with the condenser 
terminal. In some cases wrong descriptions have appeared in 
books on electric theory. I consider it rather regrettable that 
authors do not take the trouble to inform themselves as to the 
correctness of the information before presenting it. The con- 
denser terminal is made with equal increments of length of the 
metallic cylinders for equal increments in their potential. Thus 
the adjacent pap of cylinders have all the same capacity and 
decrease in length by equal steps as their diameter increases. 

In my pper on “The Application of a Theorem of Electro- 
statics to Insulation Problems/' I called attention to a theorem 
ot electrostatics which is of much broader scope than that out¬ 
lined by the first paper.* (Mr. Fortescue then read an extract 
irom his paper referred to, followed by an extract from Maxwell's 
work.j 

Engineers would do well to give this paragraph careful con- 
sideration, as it presents great possibilities in the design of 

♦A. 1. E. E. Trans. 1913, Vol. XXXII, Part I, p. 907. 

1 1904 Edition, Chapter VII, Art. 117. 
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insulating structures. Among the most noteworthy of the appli¬ 
cations of this principle are the suspension type insulator and 
the condenser terminal. The principle of design of the latter 
may be presented as follows: Consider a cylinder passing through 
a zero potential plate whose thickness can be varied at will, and 
let us suppose the two ends of the cylinder to have conductors 
of a given form, for simplicity let us take infinite planes parallel 
to the plate, at each end. We shall first consider the region 
between the plates as having zero specific inductive capacity and 
let us consider an imaginary field of uniform strength mapped 
out in this region, conforming to that which would exist if the 
cylinder were not present. In order to present a surface around 
this cylinder having at all points the same potential as the as¬ 
sumed field, the dielectric must have the following characteristics: 

(1) Radially it must be a perfect dielectric; 

(2) Axially, it must be a perfect conductor. 

With a dielectric of these characteristics, the bounding sur¬ 
face may be so formed that the equipotential surfaces of the same 
value in the region between the rod and bounding surfaces will 
coincide with those in the region between the two plates, external 
to the dielectric. If the external region has a finite specific 
inductive capacity there will be a displacement current necessary 
in an axial direction from the external region into the dielectric 
body.^ This will require a slight modification of the surface of 
the dielectric to take care of this additional displacement, which 
must eventually pass radially through the outer cylinders and 
plate. It is, of course, impracticable to obtain such a dielectric, 
although there are many ways in which it may be approximated, 
one of them being the use of a system of coaxial conductors cy- 
lindrically imbedded in the insulation. The external surfaces 
should, of course, be infinite, but in most cases they extend far 
enough to give satisfactory results. The dielectric surrounding 
the rod is not uniformly stressed, nor is it desirable that it should 
be; on the contrary the inner portion should be stressed more 
lightly than the outer, as the heat set up by the dielectric losses 
must be conducted out of the dielectric. 

If the writer of the paper had made use of this theorem, he 
would naturally have been led to design his dielectric and system 
of conducting bodies so as to give the most favorable distribu¬ 
tion in the external region, and he would have reached a different 
conclusion. 


1 made a few years ago on glass rods between 

plates by students at Worcester Polytechnic Institute, and, as 
1 recall them, these tests were quite satisfactory in establishing 
the non-mterference of the surface of high specific inductive 
capacity matenal on the_ breakdown value between plates. 

+ 1 ,'^ recently obtained excellent results with porcelain, 
ttough not so good as with moulded or machined materials. 
The less satisfactory results with this material seem to be due 
to the irre^ar fonn of the contact surfaces between the con¬ 
ductors and the dielectric. 
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E. DeWitt Eby: With reference to the matter in the general 
statement for an ideal bushing, I wish to comment, perhaps take 
exception to Mr. Rice’s statement, that in an ideal bushing all 
of the dielectric is stressed uniformly with respect to its strength, 
that is, that it will all begin to break down at the same time. 
This would mean there would be little energy consumption up 
to the time of rupture or breakdown. It would mean, second¬ 
arily, that under impulse conditions the arc-over would be very 
little different from^ that under low-frequency stresses. In 
actual operation or in practise, the low-frequency stresses to 
which the bushing is subjected are as a rule definitely related to 
the operating potential, whereas the impulse or lightning stresses 
are not necessarily related to the line potential, outside of their 
limitation by line insulation. Therefore, it appears to me that 
a better relation of the stresses would prevail, if instead of all 
the insulation breaking down uniformly or at the same time, a 
part of it should begin to break down, preferably so that it would 
not destroy or damage the bushing. For instance, the surround¬ 
ing air should break down earlier than the rest of the structure. 
In that way energy consumption would take place which would 
precede the total breakdown, and increase the ratio between 
the impulse and the low-frequency arc-over. 

I wish to emphasize, or add my approval, to the conditions 
for the design of bushing which Mr. Rice sets forth, that it should 
aic-over without puncture, at both low frequencies and impulses, 
and that it should do this without damage to the insulation; also 
that it should have a high wet arc-over with respect to its dry 
arc-over value, and, repeating what I said, that its impulse arc- 
over should be high with respect to its low-frequency arc-over. 

I think it was Mr. Mershon who made inquiry as to whether 
any attempt had been made to control the performance of the 
bushing under power conditions, that is, with power behind the 
test circuit or the arc-over, and while not attempting to answer 
his question, I will simply remark that I know of a number of 
instances in which successful operation or performance of bushing 
has prevailed during arc-over with power behind the arc, without 
doing any damage to the bushing. I also know of one isolated 
case where the bushing was damaged by the power arc. 

I wish to call attention briefly to the effect of the specific 
1 esistance ^ of the ^ testing water upon the wet arc-over voltage 
of a bushing or insulator, a thing which apparently has been 
overlooked a great deal in making rain or wet tests, and recording 
the data. The specific resistance of the water has a very great 
effect upon the wet arc-over voltage, so that, for instance, with 
such water as Mr. Rice probably used in his tests, the arc-over 
of the bushing was probably 75 per cent of the voltage it would 
haim bep had water been used which was of a higher resistance, 
such as is available in most natural water systems, that is moun¬ 
tain or reservoir water supplies. I assume that the tests which 
I^ice has made, were made with water having the re.sistance 
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of about 4000 ohms per cu. cm., whereas a resistance of 15,000 
ohms per cu, cm. would have increased the results about one- 
third. 


We are all aware of the effect of altitude upon the dry and wet 
arc-over voltage of bushings, both at low frequency and under 
impulse conditions, and these things have to be taken into ac¬ 
count in the application of bushings in actual operation. 

It is interesting also to know that there is a temperature effect, 
and that this effect of temperature is of the order that one degree 
centigrade difference in temperature is equivalent to about 100 
ft. (30.4 m.) difference in altitude. 

There is one other point I wish to bring to your attention, and 
that is, that there should be a relation between the arc-over 
voltage of the bushing and the voltage of the system to which 
it is applied. This can best be related to the protection of the 
system, that is, to the lightning arrester gap settings, since if 
the system is properly designed the bushing will have a high 
impulse ratio. It is necessary to consider principally the low- 
frequency arc over of the bushing, and this should be—theoretic¬ 
ally anyway—at least twice the low-frequency arc-over of the 
lightning arrester gap which protects the system. This is be¬ 
cause, as we are all aware, a reflected wave which is lower than 


the lightning arrester will discharge, will return with double its 
initial value, and the bushing should not arc-over at that voltage. 

It is interesting to note that the factor of safety which the 
Institute has set down as a testing value for assembled apparatus 
such as lightning arresters, switches, etc., seems to be prompted 
by experience, so far as bushings are concerned; that is, that a 
test value of two and one-quarter times the operating line voltage 
gives satisfactory results in services, and very few arc-overs take 
place at that voltage, 

F. W. Peek, Jr.: I will give a physical conception or picture, 
of the meaning of the dielectric flux diagrams in practise. 

A bushing or insulator is made up of metal parts or electrodes, 
Oil, necessary supporting solid dielectric, and the air in which it 
is immersed. When voltage is applied between electrodes 
stresses are caused in the solid insulation and the air. If these 
stresses anywhere exceed the strength of the insulation, break¬ 
down will occur. ^ The strength of air is much less than porcelain. 
A bushing requiring the minimum amount of material would be 
one in which the stresses in the different insulations were uniform 
and in proportion to the respective strengths of the dielectrics, 
buch a bushmg would break down everywhere at once. How- 

fZtu bushing automatically replaces 

Itself when it punches or flashes over, it is best to make the 
esigns so that flash-over takes place before puncture of the 
porcelain. As the air is the weakest dielectric, it plays a great 
part m determimng size. Mr. Rice's diagrams are maps of the 

electrodes; the importance of 
these diagrams in design is at once apparent. 
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^ The strength of air is 54 kv. per in. If the full strength of the 
air could be utilized, a bushing with a 500,000-volt arc-over 
need not be over 9.5 in. long. There are a number of good rea¬ 
sons why such bushings should, in practise, be perhaps six times 
that length: 

(1) It is not practicable, and for certain reasons not desirable, 
to design for an absolutely uniform field. 

(2) ^ Even if the bushing is designed for a uniform field, the 
field is not uniform, because of apparent conduction along the 
surface of the solid insulation, which greatly lowers the arc-over 
voltage. Mr. Rice’s views on this are confirmed by experiments 
that I have made.* The effect takes place on clean porcelain 
rubber,^ or glass, and is not appreciably reduced if the surfaces 
are polished. I believe this is the reason why Mr. Fortescue 
discovered very little difference in surface effect over the range 
of surface condition that he investigated in his very interesting 
and important paper of several years ago. The effect is greatly 
reduced if the surfaces are oiled. 

(3) The third reason that a bushing must be made long is that 
it must be used out of doors in rain, snow, and dirt. Petticoats 
must be used. Under such conditions a uniform distribution is 
not for a moment possible. The designs must include all of 
these practicable variables. 

(4) When flash-over occurs, it is generally caused by lightning. 
The bushing or insulator should be designed for a “lightning arc- 
over voltage” much higher than the 60-cycle arc-over voltage, 
just as the lightning arrester gap should be designed for a low 
“lightning arc-over voltage.”t I have seen apparatus designed 
in just the opposite way. 

You have seen in Mr. Rice’s paper many beautiful diagrams 
determined experimentally; mathematically, it is very difficult 
to draw any but the simplest diagrams. The meaning of these 
plots is, however, quite simple. They map out the stresses in the 
space surrounding the electrodes. 

Look at Pig. 9. There is a metal plane, and a rod perpendicu¬ 
lar to the plane, passing through a hole in the center of it. You 
will see certain lines starting at right angles from the plane, 
and ending peipendicularly, on the central rod. These are the 
lines of force. They are so drawn that the flux between any two 
lines is the same. In other words, it means that the capacity 
between any two lines is equal. You will see at right angles to 
these lines another set of lines or curves; these represent the 
equipotential surfaces. Each point of a given curve is at the 
same potential. They are so drawn that the potential differences 

* “Dielectric Phenomena in High-Voltage Engineering", pp. 190 and 
220-225. 

t “ The Effect of Transient Voltages on Dielectrics." F. W. Peek, Jr, 
A. I. E. E., Titans., 1915, Vol. XXXIV, Part II, p. 1857. 

“ Lightning", F. W. Peek, Jr., G. E. Review, June, 1916. 
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between any two adjacent equipotential surfaces is equal. Por 
instance, No. 1 starts at a plane at zero potential, and the next 
line has a potential of 2, the next 3, and so on up to 51, which is 
the potential of the rod. The potential difference between each 
adjacent surface is one. The capacities of all of the little cells, 
cut out by the lines of force and equipotential surfaces, are equal. 
If the diagram is revolved about the rod as axis, these cells cut 
out condensers of equal capacity in space. You will note that 
the equipotential surfaces are crowded together in places. The 
unit stress or gradient in volts per inch or per cm. at these points 
IS high, since the voltage differences between two adjacent sur¬ 
faces is the same as it is where the lines are much, farther apart. 

It can be seen that these fields may be easily changed, not 
only by changing the dielectric, but also by changing the metal 
parts. Obviously, insulation strength may often be increased 
by addmg metal, and some times decreased by adding insulation. 

Mr. Rice has been able to draw these wonderful diagrams by 
tne use of the analogy between the electric and dielectric circuits 
In the electric circuit there is voltage, and in the dielectric cir¬ 
cuit in the dielectric circuit flux, in the electric circuit 

current, in the dielectnc circuit permittivity and in the electric 
circmt conductivity, etc. 

® to which I wish 

Sat JiS to me a great pity 

that the mathematicians do not more frequently reduce their 

ont^ SiS ^ utilizable form, and whenever possible sketch 

to thr^^^flfhfVapplications which must occur 
S'" subject.” He also says: “An- 
that th>= 'I’ ^ have frequently encountered, is the fact 

that the wnter assume too great a familiarity with existing 
mathematical works on the part of his readers.” I wish heartily 
to endorse these statements. Any one who has ever tried tn iiil 
mathematical solutions, and has had to give up in 
despair, because of the great time it required to puzzle out cer 

in(M^dSdTS5lS:^et?dete'SJne'thfS:«ff“‘* enlightening 

Mr. Rice draws the conclusion that if + •’ 

with the air is absolutely free from <^^®]ectnc in parallel 

aie made betweert^jS^ctri? 

presence of insulation in parallel with air n ^ that the 

would not tetdt in a breakdown lower” a^aS Vtt?” ^ 



1917 ] 


DISCUSSION AT NEW YORK 


1063 


niaterial; this conclusion may be correct, but part of the tests 
would seem to prove that the dielectric strength of air was dif¬ 
ferent when in contact with the test piece of solid dielectric and 
depending on the properties of this dielectric, as was suggested 
m the paperFor instance, the difference in arc-over voltage 
between an oiled hard-rubber surface and an oiled glass surface, 
Fig. 21, at 8 crn. spacing is 47 kv. In this particular case where 
a good comparison can be made we should be justified in assum¬ 
ing that the joint between the oiled glass and metal planes was 
equally as good as the joint between the oiled hard rubber and 
the metal planes, yet the arc-over voltage on the oiled hard rub¬ 
ber at the same arcing distance was about 65 per cent higher 
than on the oiled glass surface. 

In examining the curves, Fig. 23, with grooved planes and com¬ 
paring with those in Fig. 21, it will be noted that with the grooved 
planes or electrostatically shielded joints the arc-over voltages 
are much higher, but if the arc over occurs the full length of the 
dielectric cylinders to the bottom of the grooves, the arcing dis¬ 
tance is greater than the distance between planes by the depth 
of the grooves, or if it occurs from the bend of the plane into the 
poove the air must be broken down here first due to non-uni- 
form field and consequently a condition is obtained similar to 
the so-called joint effect. 

^ One other reason for assuming that the introduction of a solid 
dielectric into the uniform field in air causes a change in the di¬ 
electric strength of air or else that the curves in Fig. 23 disprove 
the assumption that the joint effect is eliminated by electrostatic 
shielding of the ends of the solid dielectric, is that, if the arc-over 
curves on oiled glass and dry glass II, Fig. 23, are extrapolated a 
very short distance they cross the curve for arc-over between 
planes alone, indicating that arc-over voltage with the dielectric 
inserted is greater than the air alone between the planes, which 
is a result that would not be expected if the lowering of the arc- 
over voltages below certain spacings is caused by the joint-effect 
at the ends or moisture on the surface of the solid dielectric. 

H. 0. Stevens: The point I think we should all get in this 
paper is the fact that we have brought before us here in fairly 
simple mathematical manner a few fundamental principles. 
We have an indefinitely extended wire passing through a hole in 
an indefinitely extended plane. That is a fundamental theory 
worked out beautifully. In other words, we have an ideal there 
to work to. We can take that fundamental principle and add 
certain things to it, which may improve the design and work 
up a satisfactory bushing. Unfortunately, many of the so-called 
practical engineers when they start out to attack a problem do 
not have the time, or perhaps the proper mathematical and 
physical knowledge of the subject to study the problem in this 
manner, so the thing is done by a cut and try method. When 
we are designing a bushing, we put a certain amount of insulation 
on it, and bring it out through a transformer tank and the voltage 
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is increased a little bit more, and we add more insulation, until 
ultimately we get in trouble. Then some one like Mr. Rice takes 
the problem and studies it, from a mathematical and scientific 
standpoint, and while oftentimes the results obtained do not 
correspond with what we would expect, yet as I said before, it 
gives us an ideal to work to, and that is the point we want to 
bear in mind in this paper. If we can work out the fundamental 
mathematical conception of a given problem, although our theory 
will not be strictly borne out in practise, yet if we apply to that 
our mathematical knowledge, the solution of the problem is made 
a great deal easier to us. 


^ Sidney W. Farnsworth: Mr. Rice speaks very frankly of the 
difficulties which he has met and brings vividly to mind the early 
days of our work on this problem, in which we encountered similar 
(difficulties—we would work to get the bushing completed, and 
then have it puncture on the inside and be obliged to tear it down, 
would feel that the work of first construction had been so 
difficult it would not warrant us in replacing it. 

As engineers we are interested in the application we can make 
ot the mfomiation which is given by the author, and the last 
speaker voiced, I think, the sentiments of those here—I would 
say that as a result of our work we were able to embody the 
pnnciples in commercial apparatus and to save money for the 
com^ny, and also to extend the upper limit of voltage range. 

1 Ir. Rice has worked at very low voltages, and perhaps it is not 
appreciated tha.t the principles involved here permit of multiplica¬ 
tion or expansion any number of times. For instance, if you 
just multiply his dimensions by two, you should get I'ust twice 
the breakdown voltage, multiply by three, three times the break- 

w?Xp 7^^ principle upon which he has 

1 • Therefore, he has not solved the problem simply for the 

mentioned here, but for higher voltages 


There is one staking example of the consideration of the 
principles set forth in this paper, and those which we encounter 
in our work and that is of the addition on a high-voltave con- 

thfkoverloo ooUo1f^°^^ some- 

rfSeIt was equipped originally with a disk 

radlS^Ld^ 1 '5 iw4T’ perhaps 0.75in. (19 mm.) 

oftaeterminf] diameter. The distress occurred 

1 pnorto distress anywhere else, and the terminal 

remembering the *100, and 

eiriembenng the pnnciples we encountered in the cotirqp nf the 

We put . „„ 4 
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that terminal up to 571,000 volts; in other words, there had been 
an increase of about 150,000 'volts in the usefulness of that 
terminal. By making a gain of 150,000 volts in this way we are 
doing well. It seems to me that is how we should make use of 
the principles which are so well set forth in this paper. 

I would like to ask, why the charts were made with sheet metal 
and with wires. In our work we made them with rods of appre¬ 
ciable diameter and with^ sheets of appreciable thickness, with 
rounded edges. Fig. 9, giving the equipotential surfaces, shows 
only the location of the surfaces from 1 to about 30, up to about 
with what an engineer would call a reasonable degree of ac¬ 
curacy of ease of reading. Now, that is only about half of the 
total number that should be there, that is, there is 50 volts be¬ 
tween the rod and plate. I understand that having the plates 
and rod conform to line 30, and the plate conform to line 2, that 
the distribution of the field between the two does not change; 
that is, the principle is the same. But suppose we did do that, 
plates and rod conforming to line 30, and an irregular rod and 
irregular shaped piece conforming to line 2, then we could put 
that back into the path, and each of these do have the voltage 
distribution between these two surfaces, the surfaces which we 
intend to use, and in that way greatly increase the area of the 
disruption. 

Selby Haar: I wish to ask Mr. Rice if he made any tests on 
his experimental insulators with high direct potentials ? 

B. A. Behrend: The parallel whiqli exists between the electro¬ 
static case, in which we are interested, and which Mr. Rice has 
tieated with such skill, and the h^^drodynamic case, is well 
known. The hydrodynamic case, so'^ far as its consideration in 
two dimensions is concerned, has been beautifully worked out 
experimentally by Prof. Flele Shaw in some admirable papers 
which were published in the Royal Society Transactions. Now, 
then, in the latest work I have had an opportunity to consult in 
connection with hydrodynamics, the treatment is limited to two- 
dimensional problems altogether. I want to ask Mr. Rice, in 
replying to the many statements that have been made here to¬ 
night, to what extent a correct scientific solution has been given 
fOT three-dimensional problems. Prof. Horace Lamb statCvS that 
three-dimensional cases have not been treated successfully, and a 
similar statement is made by Sir George Greenhill. The treat¬ 
ment of three-dimensional cases is, of course, fundamental in 
connection with the treatment of the subject laid before us by 
Mr. Rice. I trust that Mr. Rice, in his reply, will be kind enough 
to comment on this phase of the subject, and tell us how far'it 
has been possible to obtain complete solutions of the three- 
dimensional cases. 

Joseph B. Morrill (communicated after adjournment): I 
should like to discuss a few points that occurred to me in going 
through Mr. Rice’s excellent paper. 

First, in connection with the introduction of the diametral 
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planes on page 1001 one might wonder where these planes come 
from and whether or not they are a new family. If, indeed, 
this were a new family we would have the impossible condition 
of four mutually orthogonal families, which our three-dimen¬ 
sional space will not permit. I shall endeavor to show that 
these planes are in reality a degeneration of the hyperboloids 
of two sheets. 

Referring to the middle of page 1000, we find the root that of 
the cubic in the parameter, p, which gives us the hyperboloids of 
two sheets, lies between — b‘^ and — a^. Let us assume that 
the distance between and — on the p = 0 axis is divided 
up into m equal parts each of which has a value or length p. 
We may assign any positive value to m. Since the root which 
gives us the hyperboloid of two sheets must lie between — 
and — d we can call this root 


p = — n p 

where n may have any positive value less than w. (It must be 
positive for a> b). Substituting this value of p in the equation 


+ 


+ 


= 1 


d + p b^ + p d + p 
and remembering that a > b > c, we have 

_ f _ 

n p d — b^ — n p d — d — n p 

which is an hyperboloid of two sheets. 

Since ^2 _ ^2 ^ ^ ^ 

we can rewrite the foregoing equation as follows: 


= 1 


n p {m— n) p d — d — n p 
Multiplying this equation through by p it becomes 

_ p 


= 1 


m — n 


nr2 — ^2 — 


n p 


ax-k?f co-ordinates the z axis becomes an 

StHn! becomes equal to b\ which is the same as 

approaches zero, both m and n 
cSue to div^^^tif ^^come closer together we can still 
v ^'Stance into m parts, each part smaller 

smllli Tf distance between and 6= becomes 

smaller. If p approaches zero our last equation becomes 


n 


n 


= 0 


or 


n 
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which gives us the diametral planes of equation ( 22 ). Since m 
and n are always positive and m > w the radical 

n 


can take any value and we may substitute v for it and obtain 

y — ^ X = 0 

where v may have any value. 

The same method may be employed to show that the third 
equation of (146) is a degenerate hyperboloid of one sheet. 

A point in connection with the introduction of the thermo¬ 
metric parameters a, jS and y, occurs to me, which might pos¬ 
sibly aid one who likes to have a picture of such a step in the 
analysis. In introducing the parameter jS, for instance, it is 
assumed, and the assumption later justified analytically, that 
the potential, under certain conditions is a function of fx only. 
The conditions under which this is true is later shown to be that 
two of the hyperboloids be kept at definite potentials. Referring 
to Fig. 10, it is seen that }x is the intercept of the hyperboloids 
on the Y plane, that is, jx determines the position of any 
hyperboloid. From a graphical standpoint, then, it is justifiable 
to assume that if two of the hyperboloids are maintained at a 
definite potential, made equipotential surfaces, the potential 
of the other hyperboloids will depend only on their position with 
respect to these two, in other words, tha t F is a function of jxonly. 

On page 1028 in solving the problem of the infinite rod through 
the hole in an infinite plane, the three following equations are 
given: 


c)2 F A 
d d y 


0 , and 


52 F 
5 


= 0 


the last one being equation (115) and is solved. One might well 
wonder why the other two equations are not solved if they are 
true equations. Of course the first two equations are not true 

for, if F is neither a function of a, nor 7 , how can or 

o 


y be equal to zero unless it were purely an accident? 

Equation (115) is the natural consequence of equation (114) for 
neither the first nor the third term of (114) can have a meaning 
if we assume that F is a function of /3 only. Is not this point 
similar to the following case in algebra ? If we have the equation 
10 X = 0 , we know that X = 0 and do not have to make the 
untrue statement that 10 = 1 in order to get it. I believe this 
same mis-statement is made in Professor Byerly’s, 'Couriers 
Series and Spherical Harmonics,” to which Mr. Rice refers. 
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The two problems which Mr. Rice has solved by Laplace’s 
equation in spheroidal coordinates can only be checked by experi- 
me^, as is done in his paper, and then only approximately, due 
to the impossibility of using either an infinite rod or an infinite 
plane. It might be interesting to work a simple problem using 
Laplace s equation in this form which could be checked by some 
other method. One such problem obviously is to calculate the 
electrostatic capacity of an isolated thin circular disk. Such a 
disk IS obtained by allowing the oblate spheroids to degenerate 
into a circiJar disk of radius c (see Fig. 9). The oblate spheroids 
will be equipotential surfaces and the tubes of flux will be bounded 

t/ j sheet and the diametral planes. 

Under these conditions the potential F is a function of a. only 
and equation ( 116 ) becomes 

cos^ a —' ■ = 0 

0 

and since this must be true for all values of ex, we have 


Solving this differential equation we obtain 
V == A a + C 

1 constants of integration, A and C, we shall 

let the disk have a potential of Fo and since the disk is isolated, 
have therefore the two boundary con- 

F = Fo when a = 0 and F = 0 when a = —^ . 

. 2 

Substituting these conditions in the last equation we obtain 


The electrostatic flux, is given by the equation. 




The potential gradient is 

AZ = _ 2 _Fo. da 

d fll TV d Ui 


■n- 


d V 

d fii 

2 7o 

TV 


dn^ d Uz 


da d X 


d X drii 


differentiating the equation for potential 
given above with respect to the normal, ni 
Since 

X = c sec a, 


d a 
d X 


X VX2 - 


(Equation 76 ) 
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From equation (47) and equation (66) we get 
d X j V ~ 

d' ni ^/\2 _ jj2 


d V 

d fti 


2 Vo 


From equation (48) and equation (67) we obtain 


dui = 


d IX V\^— 






Vc^ - 




and from equation (49) and equation (69) 

dv _ _ Xfx 


dui = 


h 


c (1 + v^) 


d IX, 


d V 


Substituting these values for -z —, d %% and d %% in the equa- 

dnx ^ 

tion for (/> we obtain, 






11 d jx d V 


(1 + Vc^ - IX^ 

V =taii2 X ji—c 

IX d IX 


^ 4 ^ r dv c 


— jJi^ 


z'=«taa0 //=0 

(Factor 2 is introduced to get flux above and below X Y plane.) 

. v= tan 2 X u =sc 

4 Fo - 


Since 


= ^ ^0 r 

TT L 
= 8 Fo^ 


arc tan 




V =tan 0 

= 4 TT Q 


^=0 


where Q is the total charge on the disk, 

4 TT (2 = 8 Fo ^ 
or 

= Capacity of disk. 

^ This is the well known value for the capacity of an isolated 
circular disk of radius c and can be checked by other methods, 
for instance, see Berg's “Electrical Engineering, Advance 
Course" page 201. 
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Lastly, in connection with the integration for the tubes of flow 
where the integration for v is neglected, would it not be more 
exact to say that the spacing obtained is for any diametral plane 
and hence independent of v] That is, the last paragraph on 
page 1039 shoul dread and since vq may have any value we may 
neglect^ it as far as the spacing on any diametral plane is con¬ 
cerned”; and the paragraph in the middle of page 1051 should 
read, “As far as the spacing of the surfaces of flow on any dia¬ 
metral plane is concerned we may.” ^ 

Chester W. Rice: Major Mershon has asked what effect 
power arcs will have on bushings. I am sorry to say that I 
have never witnessed such tests but suppose that they will blow 
the bushings up, as they do almost everything else when thev 
get started. ^ 


Mr._ Taylor was interested to know why we did not introduce 
bad distortion into the diagrams by moving the pointer around 
in our electrolyte, as you would in an electrostatic problem if 
you tried to obtain the potential distribution by movine the 
pointer around in space. The beauty of the thing is that we 
have substituted an electric current for the electrostatic flux 
This has two very important advantages, in the first place, we 
can msul^e all but the end of our exploring pointer from the 
cuCTent whereas, there is no insulator for the electrostatic flux 
fplace, we substitute a large conduction current for 
current_ which allows us to use a reasonable 
operating our instrument without fear of 
r course, the insulated pointer does dis- 

place a shght amount of liquid and therefore introduces a slight 
istortiom A method of eliminating this error is pictured fn 
IA I' energy required to operate a quadrant electrometer 
+1!? ®“all compared with the energy flowing through the circuit 

cause is considered entirely negligible 
ProL Gray asked about using the photographic methS for 
toee-thmensional problems. I think photographic methods and 
all of the alhed methods, such as little fine particles of glass-wool 
or mica dus , are well adapted to show tL generS fvstem M 
flow lines^ I have made some experiments withS glass rods 
obtamed by gnnding up glass-wool, and in that way obtafnS a 
sknal any plane, of the desired three dSn- 
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He also mentioned some further data which have apparently 
convinced him that there is no such thing as surface effect. For 
my part, I am confident that there is a large effect of this nature. 
The difference in opinion shows that further study of this 
phenomenon is very desirable. 

I have never been able to sec any very direct bearing between 
the calculations on the condenser bushing and the bushings as 
built. In the first place, the calculations assume that the bush¬ 
ing has very large hats on the top and bottom ends (infinite 
planes); in the second place, the structure is assumed to be 
symmetrical about the cover of the tank. Neither of these 
conditions is even approximated to in the bushings of this type 
which I have seen. 

A4r. Farnsworth has asked why the charts were made using 
tliiti sheet metal to form the electrodes. This was done in the 
first placx^ to facilitate the consti'uction and in the second place 
to make the boundary conditions as sim])leas possible, so that in 
case a mathematical solution some day becomes possible the 
diagrams may be iised as a check. 

Mr. Ilaar has asked whether I have made any high-voltage 
direct-current tests. No, I am sorry to say that I have not had 
ilie 0].)portunity, 

Mr, Behrend has l)rought up the ciuestion of three-dimen¬ 
sional hydrodynamic problems. If we assume an incompressible 
and itiviscid fluid, the electrodynamic method is of course avail- 
al)lc for obtaining the .solution of any desired problem in hydro¬ 
dynamics. For example; if we wish to obtain the solution of a 
torpedo shaped body at rest in an infinite current of fluid, all 
we have to do is to immense a non-conducting torpedo shaped 
body in oxir lank between large parallel plane electrodes and 
investigate tlie potential distribution in the u.sual manner. 
This, of course, is also the .solution of the analagous electrostatic: 
f)roblem, namely, a torpedo shaped body of zero permittivity in 
a tmiform elc^ctro.static field. 

Tlie solution of the type of problem, where a body is moving 
through a stationary perfect fluid can also be solved by this 
method. Taking the: (‘ase of a sphere we could obtain the de¬ 
sired solution by immensing two pointed electrodes at close 
proximity in the tank and ex])loring the field in the usual manner, 
fidiis would result in the well known solution of a sphere moving 
thrcaigh an infinite stationary fluid. Of course it is understood 
that the solution of these problems docs not give very interesting 
data for the naval eonstruertor I)ecaitsc actual fluids exeit ap- 
firedable forces due to viscosity and radiation of comprcssional 
waves. A spliere set in motion in a stationary fluid would move 
on forever at the same speed also a stationary sphere having 
mass would remain at rest in a uniform stream of perfect fluid 
In the ideal fluid theory all bodies are streamline bodies and 
eddys are non-existent. 

Mr. J. B, MorrilFs discussion has added some very interesting 
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material, which I believe will be greatly appreciated by all those 
engineers and students who have occasion to study this subject. 
I believe that his analysis which shows that the diametral planes 
can be considered as a degeneration of the hyperboloids of two 
sheets is new and very illuminating. He is also entirely correct 
in pointing out the incorrectness of setting 


d? V 
da^ 


= 0 , 


V 
d Y 


= 0 . 


as a method of indicating that they are meaningless for the case 
under consideration and therefore may be struck out of the 
equation. I think that this slip is often made and therefore it 
IS very well to draw attention to its incorrectness. 

The solution of the limiting oblate spheroid is a very aooro- 
pnate addition. ^ 

I am greatly indebted to Mr. Morrill for pointing out by letter 
an mconsistency in my original equations used in deducing 
Laplace s equation (pages 1006-1014). On getting into the matter, 
1 found that the trouble arose from considering the top area of 
the infinitesimal volume equal to the bottom area whereas it 
IS necessary to consider the rate of change of the bottom area 
as we go towards the top along the normal 

fj taken the liberty of making this correction 

for publication in the Transactions. 

I am further indebted to Mr. Morrill for the corrections of 
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ANNUAL LOAD RELIEF MAP, PEAK LOAD AND LOAD 
FACTOR ANALYSIS 


BY WM. LE ROY ROBERTSON 


Abstract of Paper 

Description of the annual load relief map which is a device 
for visualizing the entire yearly load of central stations. 

Review of load characteristics, as exemplified by the annual 
load relief map. 

Notes on daylight saving relative to the' decreasing of peak 
load, and improvement in load factor. 

Analysis pf load factors as applied to “base" and “top” loads 
demonstrating the large amount of idle capacity peculiar to cen¬ 
tral stations. 

Annual load relief map valuable in the study and exempli¬ 
fication of all matters having to do with central station loads. 


T he familiar daily load diagram is plotted by practically all 
electric light and power companies. The accumulation of 
these curves soon becomes a mere record, usually filed away in 
some manner and always available for reference, and for the 
study of load conditions. When considering the load throughout 
the year it is difficult to obtain a comprehensive idea of the whole 
since it is necessary to glance separately at the greater portion of 
365 sheets. Such a record locks up a desired vision in confusion. 

The Annual Load Relief Map is a device for visualizing the 
entire load of the year. Each daily load diagram is marked off 
on card board and cut out. The cards are stacked up in proper 
daily sequence, mounted and provided with graduations for 
kilowatts, hours of the day and months of the year, all properly 
arranged. The annual load relief map is illustrated in Figs. 1, 2, 
and 7, showing the Philadelphia load during the year 1916. 

Day Load. A distinctive feature brought out by the annual 
load relief map is the contour of the day load which is consistently 
uniform throughout the year, always picking up between 7:00 
to 8:00 a. m., having a valley at noon and then falling off punc^ 
tually at about 5:00 p. m. This stands out clearly on the annual 
load relief map Fig. 2; and especially well, if one will imagine 
the absence of the night load where it overlaps the day load at 
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5:00 p. m. The day load corresponds closely to the regular 
average working day. 

Night Load. The night load which picks up rapidly at 8:00 
p. m. in mid-summer, and at about 4:30 p. m. to 5:00 p. m. in 
winter, corresponds closely to the lighting load. It depends 
absolutely upon the hour of sunset for its beginning and falls off 
rapidly, shortly after reaching its peak value. After midnight, 
it settles down to a low value and drops off almost entirely when 
the street lighting goes off near sunrise. In summer a deep 
valley will be seen in the morning, (Fig. 2) between the ^'fall-off’' 
of the night load and the beginning of the day load, while in 
winter the loads overlap in the morning, filling up this valley. 

Peaks. During the summer months there are three distinct 
peaks—one occurring about 8:00 a. m.; one about 5:00 p.m.; and 
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the third about 8:00 p. m. With the approaching fall and winter 
months, and as the sun sets earlier each day, the 8:00 p. m. peak 
moves back toward the 5:00 p. m. peak and near the end of 
beptember the two peaks overlap, giving a combined peak greatly 
exceeding any other peak, which rapidly increases in height until 
r December, when it becomes the 

Sr . diminishes and finally near the end of March, 

above the two separate peaks. While the 

above IS a well known fact, the annual load relief map presents 

the changing condition in a most striking manner. 

Eurnnr ^ During the past year or more, twelve 

rS S S V® “ °^der to utilize 

.reater amount of dayhght. Nova Scotia ^onjthis’continent 
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has also adopted the plan. The cities of Detroit and Cleveland 
have practically accomplished the. same thing by adopting 
Eastern Standard Time; and, further, the Committee on Day¬ 
light Saving of the Chamber of Commerce of the United States, 
in its report of February 1, 1917, recommended that Congress 




3 = 


Pig. 4 


adopt the plan throughout the United States—advancing the 
clock one hour throughout the year; and, as an alternative plan, 
advancing the clock one hour during summer only. 

The annual load relief map will be found useful in conjunction 
with the study of the effect of daylight saving on peak loads. 
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Advancing the clock will have the same effect as shifting the day 
load back from the night load.' Looking at Fig. 2, it will be seen 
that by shifting back the day load the valley between the 5:00 
p. m. and 8:00 p. m. peaks will extend over a longer period during 
■the summer; and if shifted back sufficiently, this valley will ex- 
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tend over the entire year, thus causing the big peak to disin¬ 
tegrate into the two separate peaks, eliminating entirely the big 
.peak. 

In order to entirely eliminate the big peak in Philadelphia, 
it is estimated that the clock should be set forward one and one- 
half hours. Fig. 3 illustrates what might have been the effect 
on the peak load in Philadelphia, had daylight saving been 
adopted during 1916. It should be understood, however, that 
these curves are merely a rough prediction, as it would be im¬ 
possible to attempt to forecast the actual result. 

The shifting back of the day load would also cause it to over¬ 
lap the early morning load to a greater extent. This would in¬ 
crease the morning peak at 8:00 a. m.; but as the morning load is 
small, the increase would not be great. However, should winter 
office hours begin before daylight then the 
morning peak would obtain greater proportion. 

Fig. 4 shows the effect of daylight saving 
on peak loads in Cleveland, while Fig. 5 
shows the effect in Detroit. Cleveland’s peak 
has greatly reduced, and it will be noted 
that the load factor has materially improved. 

In Detroit, it is understood that the radical 
change in the peak load has also been effected 
by other conditions than that- of adopting 
Eastern Standard Time, i.e., the load has 
greatly increased and all gem lamps have been 
changed over to Mazda’s, during this period. 

The load curves given in Figs. 4 and 5 were 
furnished through the courtesy of the Cleveland Electric Illum¬ 
inating Co. and the Detroit Edison Company, respectively. 

Base and Top Loads—Load Factors. The total load on any 
central station may be divided into two sections as follows: 
Base load; top load. The sum of which equals the annual peak 
load, and the dividing line being a matter of judgment, as illus- 
trated in Pig. 6. 

After assuming any dividing line between the base and the top 
sections of the load, the annual load factor for the base section 
and the annual load factor for the top section may be computed 
from the 365 daily load curves covering the year in question. 
For a given annual load factor of the total load, the computed 
load factors of the base and top sections will not vary greatly 
between various central stations, as all central stations have very 
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similar load diagrams and considerable variation in the individual 
load diagram may take place before the load factors are affected. 

Table I gives load factors of the base and top sections of the 
load, corresponding to a number of selected dividing lines, and 
repeated for several annual load factors of the total load. The 


TABLE I 

LOAD FACTORS OF VARIOUS BASE AND TOP LOADS 



Dividing line 

30% load factor 

40% load factor 


between 


of total load 

of total load 

base and top loads 

(annual) 

(annual) 




Annual 

Annual 

Annual 

Annual 




load 

load 

load 

load 

Base 

Top 

Total 

factor 

factor 

factor 

factor 

load in 

load in 

load in 

of the 

of the 

of the 

of the 

per cent. 

per cent. 

iper cent. 

base load 

top load 

base load 

top load 

100 

0 

100 

30% 

0 % 

40% 

0 % 

80 

20 . 

100 

37% 

K % 

49% 

H % 

60 

40 

100 

50% 

1 % 

64% 

2 % 

50 

50 

100 

58% 

2 % 

74% 

6 % 

40 

60 

100 

69% 

5 % 

82% 

11 % 

20 

80 

100 

91% 

14 % 

97% 

26 % 

0 

100 

100 

100% 

30 % 

100% 

40 % 

Dividing line 

50% load factor 

60% load factor 


between 


of total load 

of total load 

base and top loads 

(annual 

(annual) 




.Annual 

Annual 

Annual 

Annual 




load 

load 

load 

load 

Base 

Top 

Total 

factor 

factor 

factor 

factor 

load in 

load in 

load in 

of the 

of the 

of the 

of the 

per cent. 

per cent. 

per cent. 

base load 

top load 

base load 

top load 

100 

0 

100 

50% 

0% 

60% 

0% 

80 

20 

100 

61% 

1% 

71% 

5% 

60 

40 * 

100 

76% 

9% 

86% 

19% 

50 

50 

100 

85% 

15% 

92% 

27% 

40 

60 

100 

93% 

22% 

97% 

35% 

20 

80 

100 

99% 

38% 

100% 

50% 

0 

100 

100 

100% 

50% 

100% 

60% 


data in this table are presented here through the courtesy of L. B. 
Stillwell, Consulting Engineers, New York, from whom the in¬ 
formation was obtained. 

The results in Table I are most illuminating. Take for in¬ 
stance the case of a central station having an annual load factor 
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of 40 per cent, it will be noted from the table that there is 50 per 
cent of the load, i.e., top load which has an annual load factor 
of only 6 per cent, or stating this in a more practical sense— 
there is equipment in such a plant sufficient in capacity to carry 
50 per cent of the maximum load which is idle 94 per cent of the 
time. Take another case of a company with a 30 per cent 
annual load factor: there is equipment in this plant sufficient 
in capacity to carry 60 per cent of the maximum load which is 
idle 95 per cent of the time. Any one having difficulty in con¬ 
ceiving these facts will find that the annual load relief map will 
aM in making them clear. Here the “dividing line” becomes a 
dividing plane, and it will be noted that the top section of the 
load above the plane for the entire year is indeed very small 
when the dividing plane is at 50 per cent of the maximum load 
or above. 


By examining the annual load relief map, it will be noted that 
the empty void between the contour of the load and a horizontal 
plane placed at the tip of the highest peak represents the business 
that a central station can theoretically carry along with its 
present business without increasing its equipment. If the cen¬ 
tral station load factor is 33 per cent, then this void represents 
200 per cent of the business already carried. In cutting out the 
cards of an annual load relief map, if the upper half of the card 
is saved and stacked up, the mass of cards will represent the 
addhional business that could be carried in theory by a central 
station without increasing the capacity. Fig. 7 represents the 
upper part of the annual load relief map. Here it will be noted 
at all the Saturdays and Sundays were separated and stacked 

separately at one end, in order not to hide the effect of the week 
days. 


1 devised the annual load relief map, it was 

learned that Mr. H. A. Barre of the Pacific Light & Power Cor¬ 
poration of Los Angeles, California, has been making use of 
practically the same scheme for the past several years. In con- 
nec ion with certain analysis of the relative values of water 
power and steam reserve, Mr. Barre found use for such a device 

wnul^h banker’s satisfaction how much power 

uould be carried by the water power, and how much by the 

m reserve. At first, he experimented with a cube of wood 
V mg along the line of the daily and yearly contours of the load 
vhich were respectively laid out on the faces of the cube at right 
angles, and later he stacked up the cards. Fig. 8 is a photograph 
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which was very kindly furnished by Mr. Barrc, showing his ])lan. 
Each diagram is cut out in ])aper and placed in the file—5 years 
would be 7 to 8 in. (17.7 to 20.3 cm.) thick. 

It might be suggested that commercial men may find much 
interest in following up the load growth from year to year upon 
the annual load relief tnap. and again the device may be useful 
as an aid in explaining various prol)lems in connection with rates 
and investment Ijefore public service commissions. 




Presented at the 335th meeting of the American 
Institute of Electrical Engineers, New York, 
December 14, 1917, 


Copyright 1917. By A. I. E. E. 


PHENOMENA ACCOMPANYING TRANSMISSION WITH 
SOME TYPES OF STAR TRANSFORMER 
CONNECTIONS—II* 


BY LLOYD N. ROBINSON 


Abstract of Paper 

1. Hysteresis, as well as variation of permeability, gives rise 
to harmonics of considerable magnitude in the exciting current of 
a transformer; the components from the two sources are in 
quadrature for each harmonic. 

2. ^ There is a fallacy in the idea that the harmonics in the 
exciting current of a transformer are entirely wattless. 

3. ^ For transmission lines of modern lengths, the effect of the 
line is to reduce the third harmonic voltage between neutral and 
line^ terminals of a star-star connected bank of transformers 
having grounded neutral on the line side only. 

4. In transmission with star-star transformer banks having 
grounded neutral on the line side only, the inter-relation 'of line 
susceptance from conductor to ground in series with the varying 
susceptance of the individual transformers may cause the total 
m.m.f. of one of the transformers to pass through zero at the 
same instant as the impressed e.m.f.; and thus, give opportunity 
for a reversal of this transformer due to inertia, thereby produc¬ 
ing a periodically reversing leg and abnormal voltages. 

5. In a similar system with high quality line insulation, the 
effect of atmospheric charges on the line conductors may be to 
cause the transformers of the bank to assume relations with one 
leg permanently reversed when energized from the station side; 
thus, imposing unbalanced voltage conditions on the bank and 
producing, in two of the units, fundamental frequency com¬ 
ponents of voltage 264 per cent of normal. 

6. Combinations and accentuations of the above causes 
may, through natural requirements, give rise to a double fre¬ 
quency pulsation of the potential of the hypothetical neutral 
of the line conductors; thus, producing, in the leg voltages, 
second harmonic components of extremely large dimensions 
which are limitless so far as is yet known. 

7. The above applies also in case a group of star-connected 
ironclad reactors, such as auto-transformers without tertiary 
windings, are employed to ground the neutral of an otherwise 
isolated neutral transmission. 

8. Results, obtained in the laboratory with a three-phase 
star-star connected bank of transformers feeding condensers 
between line conductors and line side neutral, though not yet 
sufficiently extensive to confirm all of the above statements, 
show that the voltages from line terminals to neutral are in 
considerable measure independent of the primary impressed 
delta voltages so far as concerns wave shape and frequency. 

*For Part I see Trans. A. I. E. E., Vol. XXXIV, 1915,, p. 2183. 
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Introduction 

A S A general rule, the use of single-phase transformers con¬ 
nected star-star into a three-phase bank is considered 
poor electrical engineering practise. There are cases where the 
connection has been employed with apparently satisfactory re¬ 
sults, but they comprise the exceptions rather than the rule. 
It is doubtful if many of these exceptions would be permitted 
if a thorough investigation were made of the stability and local 
voltages involved in the connection, but it is beyond the scope 
of this thesis to make such an investigation of all the possible 
cases. It is sufficient to say that where these exceptional con¬ 
nections, star-star, have been employed in transmission practise, 
special precautions have generally been taken to insure the 
stability of the system. Where such precautions have not been 
observed, disastrous results have frequently followed. The pre¬ 
cautions have provided a remedy or even a preventive, we 
might say; but, because of the suddenness and sureness of the 
undesirable phenomena when such have occurred, it has usually 
been impossible to observe the actual underlying causes. The¬ 
ories have attributed the effects to the third harmonic which 
anses when an ironclad electromagnetic circuit is energized. 

Early in the year nineteen hundred and fifteen, the writer 
was concerned with some tests of star-star connected transfor¬ 
mers supplying a three-phase transmission line, that developed 
unstable conditions and peculiar phenomena which ordinarily 
would not be ffiscovered in commercial operation or without the 
use of an oscillograph. It is fairly safe to say that, even in 
ese tests, the insulation of the transformers would have broken 
own and the windings have been burnt out before the phe- 

vXT r the impreied 

tage applied to the transformers was only approximately • 
one-quarter of the rated voltage. ^ imateiy 

First It will be well to show why, in general, the third har- 
momc of magnetization can not be expected to develop sufficient 

nected bank of transformers connected to a three-phase trsn<! 

be „ L ,, , CbltSedetSSr 
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Harmonics of Transformer Magnetization 
So much has been said and written concerning the harmonics 
of magnetization of transformers, that it is hardly essential to 
mention it more than very briefly here. The indeces of the 
Transactions of the American Institute of Electrical Engineers 
provide ample bibliography on the subject. 

From the general formula of electromagnetic induction, the 

induced voltage is == k 

at 

where 0 is the magnetic flux, t the time, and ^ is a constant 
dependent upon the number of turns in the winding, etc. 

If 4 > = cos (a / + a) 

= ~ a sm (a / + a) 

whence ‘ ^ 2 ' = - a * sin (a / + a) 

That is, we say a cosine wave of flux generates a sine wave of 
voltage, and because of the inter-relations of the sine and cosine 
functions, we may say that a sine wave of flux produces a cosine 
wave of voltage. 

With a sine wave of voltage applied at the two terminals of 
an electric circuit, the wave of counter e.m.f. will ordinarily be 
a sine wave of equal magnitude but opposite sign when conditions 
are stable; that is, after the initial transients have disappeared. 

Considering only the post-transient conditions: If a voltage, 
e ^ c sin a t, is impressed on the terminals of an inductive cir¬ 
cuit containing resistance (or equivalent resistance), the counter 
e.m.f. will be 

e' — — csin at 

But e' will have two components; one, the resistance component, 
= — 6 sin {at + /?) 
and the other, the reactive component, 

62 — ak sin {at + a) 

The current will adjust itself so that 

c sin a / = & sin (a / -h + a k sin {a t a) 
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In the circuit having constant inductance, the current will 
be a sine wave not in phase with the impressed voltage or the 
counter e.mi. The phase relation between the current and the 
impressed voltage depends upon the relative magnitudes of the 
inductive reactance, x = 2 7r/L, and the resistance r. The 
phase angle is 

6 = tan-i (y) 

The number of interlinkages of an electric circuit with the 
lines of magnetic force of the flux produced by unit current in 
the circuit is called the inductance of the circuit. That is, the 
inductance is 



where w is a constant, 4 > is the number of lines of flux, and i 
is the current. 

In an ironclad inductive circuit, the ratio -i- is not con- 

stant, but decreases as the flux density in the iron increases. 
However, in order to produce a sine wave of counter e.m.f., 
there must be a cosine wave of flux because 


(sin x) = cos x, and (cos x) = - sin x 


Consider, for the present, an iron magnetic circuit without 
hysteresis*, in order to study alone the effects of what is called 
the varying permeability by means of the B-H curve. B is the 
product of the flux multiplied by a constant, and JI is the pro- 


Because of the prevalence of a sort of mystery surrounding this word, 
and the lack of uniformity in its use; the definition from Webster’s New 
International Dictionary is that used and is submitted: 

‘‘Hysteresis: (a) A lagging or retardation of the effect, when the forces 
acting upon a body ar changed, as if from viscosity or internal friction. 
(. ; n a magnetic material, as iron, a lagging in the values of resulting 
magnetization (denoted by B) due to a changing magnetizing force 
(denoted by H)- A repeated reversal of H causes a changing magnetiza- 
tion B as shown by the hysteresis loop or cycle..,. ” 

The meamng of the word bears a marked similarity to that of hesitate; 
out a search of the denvations shows that hysteresis comes from Sanskrit 

through the Latin from an en- 

tirely different root. 
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duct of the current multiplied by a constant. Since the con¬ 
stants are given for any machine, by change of scale, the B-H 
curve may be translated to a, 4> — i curve, and this will be done 
in the following discussion. In Fig. 1, there is given a typical 
B-H curve for transformer iron. This B-H curve translated is 
the axis of the hysterises loop shown in Fig. 2. 

For a sine wave of flux, say 

4 > = 10 sin a t 

curve I of Fig. 3, a wave of wattless magnetizing current, 
like curve II of Fig. 3 will be required, based upon the im curve 
of Fig. 2. 



Fig. 1—Average Induction Curve—Transformer Sheets 

Standard Handbook, 1915 Edition, Sect. 4, Fig. 24 


Concerned in the magnetization of the iron, there are, besides 
the wattless magnetizing current, the components of current due 
to hysteresis and to eddy currents. By the equations for eddy 
currents, it is possible to-eliminate them from the discussion; 
and now consider combined the wattless component of magnetiz¬ 
ing current and the energy component required by hysteresis. 
The combination is obtained from the hysteresis loop for a given 
wave of flux, say 

<^) = 10 sin at 

The current corresponding to this flux is obtained from the imh 
curve of Fig. 2 and plotted as curve III of Fig. 3. 

The co-ordinates of the curves of Fig. 3 are given in Table I, 
By harmonic analysis, the coefficients of the Fourier series for 
these three waves are determined and tabulated in Table II. 
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It is noted that the sine coefficients of the curve III are 
practically equal to the sine coefficients of curve II. The dis¬ 
crepancies are due to the facts that only eighteen ordinates per 
half wave were used in the analysis, and that the computations 
were carried to only three decimal places at most. This agree¬ 
ment between the sine coefficients of II and III is due to the 
fact that the curve of Fig. 2 is the axis of the imh curve, so that 



the components of current in phase with tho • n 
cases are identical. two 

It is interesting to note further in curve TTT th.t .t, 
coefficients are practicallv nnp.hoit +-u • that the cosine 

fundamental and triple harmonics coefficients for the 

the third harmonic due to t™ ' f ^ discussion of 

“ b::“ 

the harmonics were almost entirelyTue rtl^^ar^S 
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meability. One of the favorite arguments supporting the latter 
is, there is no triple harmonic voltage impressed on the trans¬ 
former and consequently the triple harmonic component of the 
exciting current must be entirely wattless. From the coefficients 
in Table II, it is seen that in this average iron at not abnormal 
maximum density, hysteresis introduces triple harmonic com¬ 
ponents of exciting current in quadrature with those introduced 
by the variation of permeability, and of practically half the 
magnitude of the latter. Therefore it can not be said that the 
triple harmonic components in the exciting current of a trans¬ 
former are due to the hysteresis alone or to the variation of per- 



Fig. 3 

I — Magnetic Flux 

II — Wattless Magnetizing Current 

III — Current Required by the Hysteresis Loop 

meability alone. They are produced by the combination of the 
two. 

The components of exciting currents attributed to eddy cur¬ 
rents are generally found to contain some small harmonics, but 
these are present due to the fact that the wave of flux, ultimately 
produced, is not a pure sine wave, and consequently eddy cur¬ 
rents of harmonic frequency are present in the core. 

If there is presented a closed circuit for the harmonic com¬ 
ponents of the exciting current, they will flow in order to adjust 
the current to the counter e.m.f. requirements. Obviously, these 
harmonic currents flowing, for example, through the resistance of 
a generator winding or closed delta of a transformer bank- give 
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rise to energy losses. That is, they are not wattless. What 
really takes place is a conversion of frequency within the trans¬ 
former. 

TABLE I 


CO-ORDINATES OF CURVES I, II, III, FIG. 3 



TABLE II 
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Because the impressed voltage .contains no harmonic com¬ 
ponents is no more ground for saying that the triple harmonic 
components of transformer exciting current are entirely wattless 
than it is for concluding that the sixtv-cycle currents on the 
secondary side of a 25- to 60-cycle frequency-changer set must be 
entirely wattless. In the latter case, we have energy transfor¬ 
mation from electrical to magnetic to mechanical to magnetic to 
ekctrical; while in the former there is a more direct transforma¬ 
tion from electrical to magnetic to electrical. 

Triple Harmonics in Three-Phase Banks of Transformers. 

In a bank of three identical transformers connected star on 
the primary side and operating under normal balanced condi¬ 
tions on a three-phase system, the voltages between the terminals ■ 
of the individual transformers, that is, the voltages between the 



Pig. 4—Voltage Relations—Lines to Neutral—Three-Phase 
Star-connected Transformer Bank—Balanced Normal Condi- 

TIONS. 


line terminals and neutral, are alike in wave shape, equal in 
magnitude and displaced from each other by one-third cycle, 
or 120 time-degrees. Three such voltages are shown in Fig. 4,' 
sine waves of impressed voltage being assumed for simplicity. 

It has been shown above that ordinarily, when a transformer 
is eneigized, there are produced currents of harmonic frequency 
in the effort to adjust the counter e.m.f. to the impressed. If 
three identical transformers have impressed upon them e.m.fs., 
which are identical in wave shape and magnitude, the exciting 
currents will be identical in wave shape and magnitude. If the 
three e.m.fs. impressed upon the three identical transformers, 
are displaced from each other by 120 time-degrees, the corre¬ 
sponding exciting current waves will be displaced from each 
other by 120 time-degrees. 

Since the three exciting current waves are equal in shape and 
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magnitude and are 120 time-degrees apart, the fundamental 
components of the exciting currents will be equal in shape and 
magnitude and 120 time-degrees apart. Since the three exciting 
current waves are identical in shape and magnitude, harmonics 
of equal order and magnitude exist in each, and these harmonics 
bear identical phase relations to their respective fundamental 
components. That is, if the n th harmonic in the exciting curi’ent 
of transformer No. 1 is kn sin {nd + a„), the n th harmonic in 
the exciting current of transformer No. 2 is K sin [n (0zbl2O°) •+• 
an], and that in transformer No. 3 is kn sin [n {6 zb 240°)’ -f ofnj. 
The values of the variable parts of these expressions are given in 
Table III for odd values of n. 


n sin (n 6 + Oin) 

1 sin (5 + ai) 

3 sin (3 5+ otz) 

5 sin (5 5+ ai) 

7 sin (7 5+ a;?) 

9 sin (9 5+ 0 £q) 

11 sin (11 5 + an) 

13 sin (13 5 + a:i 3 ) 

15 sin (15 5 + 0 : 15 ) 

17 sin (17 5 + Q' 17 ) 


TABLE III 
sin [« (5 + 120®) + an] 

sin (5 + ai + 120®) 

sin (3 5+ as) 

sin (5 5 + afi + 240®) 

sin (7 5 + a? + 120 ®) 

sin (9 5+ ag) 

sin 01 5 + ail + 240®) 

sin (13 5 + ai 3 + 120 ®) 

sin (15 5 + ais) 

sin (17 5 + ai 7 + 240®) 


sin [w (5 + 240®) + 

sin (5 + ai + 240®) 

sin (3 5+ aa) 

sin (5 5 + as + 120°) 

sin (7 5 + a 7 + 240°) 

sin (9 5+ ag) 

sin (11 5 + an + 120®) 

sin (13 5 + an + 240°) 

sin (15 5 + au) 

sin (17 5 + ai 7 + 120 °) 


_rom Table III and the foregoing, it is seen that the com¬ 
ponents of third, ninth, fifteenth and of other triple harmonic 
frequencies in the three exciting currents are respectively iden- 
position as well as in magnitude; that is, the triple 
ola^T “ the three transformers are dis- 

ponents ; while the com- 

ponents of fifth, seventh, eleventh and of other non-triple har- 

laOtotSgSr displacements of 

t" components in the 

of tL haimoS,s th inversely with the orders 

fie harmonics though not necessarily in inverse oroDortion 

tte third 'i'" O” tka Prim»y side; 

rmonic deserves, and has received, the most con- 
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sideration of any of the harmonics produced in the energization 
ot transformers. 

Star-Delta. In a three-phase bank of transformers with 
pnmary connected star, and secondary connected delta, as in 
^ig. o; the triple harmonic components of exciting current, being 
in phase in all three transformers, tend to flow, say, from line 



Pig. 5 


terminals to neutral at a given instant. The primary neutral is 
insulated so that these triple harmonic currents can not flow in 
the_ primary winding. The lack of these triple harmonics of 
exciting current distorts the waves of flux in the cores so that the 
latter contain triple harmonics. Then the voltages, induced in 
the pnmary and secondary ivindings by the variations of the 
flux, contain triple harmonics, which are in phase in all three of 
the transformers. These triple harmonic voltages, being in 
phase with each other, tend to establish currents in the same 
direction in all three transformers, and these triple harmonic 
currents actually obtain in the transformer operation, flowing 
around the closed delta secondary as indicated by the solid 
arrows in Fig. 5.^ These triple harmonic currents in the secondary 
windings establish corresponding triple harmonic fluxes which 
neutralize the distortion of the flux waves originally caused by 

I I 


Fig. 6 

the absence of triple harmonic components in the primary 
exciting current. In effect, the result is, insofar as concerns the 
transformation of voltage, practically the same as if the triple 
harmonic currents were present in the primary exciting current. 
In fact, under such conditions, we say that the triple harmonics 
of exciting current flow in the secondary delta. 

Star-Star with Four-Wire Primary. In a three-phase bank of 
transformers connected star-star with the primary neutral 
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connected to the generator neutral, as in Fig. 6; the triple 
harmonic components of exciting currents are established in the 
primaries of the transformers with the neutral as a common ware 
thence in the generator windings and return through the phase 
wires, as indicated by the arrows in the diagram. Fig. 6. 

Star-Star with Isolated Neutrals. In the star-star connected 
bank of Fig. 7, both the primary and secondary neutrals are 
insulated, so that no third harmonic components of the exciting 
current can exist. In such a case the flux waves are badly dis¬ 
torted, and consequently the voltages between lines and neutral 
contain large triple harmonic components. Since, in a bank of 
three identical transformers in normal balanced conditions, the 
respective triple harmonics are equal and in phase in all three 
transformers, the differences of the triple harmonic components 
in any two transformers are zero, so that the triple harmonic 
voltages will not appear between line terminals. 

Under average operating flux densities, the third harmonic 
component in the voltage from line to neutral, in a bank of trans- 



PlG. 7 


/, may oe 


formers connected as in Pip*. 

fundamental component *. It is obvious that this will cause a 

senous extra strain on the insulation if the phase relation between 

harmonic components of voltage 

value TASTf/' “ increasing the maximum 

1 alue of the total voltage wave by 60 per cent. 

neutral is grounded, the triple 

pri^a^ manifested between 

P if the line, to which the 

secondS^ r ^ grounded neutral load, or if the 

iTn °s aS admittance between the 

Louis F. Blume, Trans. A. I. E. e7i 914 p. 75 I---— 
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because they include banks made up of dissimilar transformers. 
But'the triple harmonic phenomena concerned in such connec¬ 
tions are fundamentally and essentially the same in all. 

One more possible connection will be discussed because it gives 
rise to rather unique conditions and because upon it the main 
part of the thesis will dwell. 

Star-Star with Grounded Neutral on Line Side Only. In the 
case of a bank of three identical transformers supplied from an 
isolated neutral three-phase source, the bank connected star- 
star with grounded neutral on the line side only and feeding an 
extensive transmission line, as shown in Fig. 8, there is no path 
for triple harmonics of exciting current in the primaries, but the 
admittances between the line conductors and ground complete 
the circuits so that the triple harmonic exciting currents can be 
established in the secondary windings through the neutral as a 
common wire, thence through the admittances between neutral 



Fig. 8 



and line conductors and return via the latter as indicated by the 
heavy arrows in the diagram. Fig. 8. 

Since the primary is essentially open-circuited for currents, 
that are in phase in all three transformers, it is seen that these 
triple harmonic secondary currents are truly exciting currents, 
and as such are affected by the exciting reactance (exciting sus- 
ceptance divided by the square of the exciting adnoittance) of the 
transformers. 

In the case of modern transmission lines and networks, often 
involving 100 miles, and sometimes many hundreds of miles of 
line, it is easily seen that the impedance offered by the line admit¬ 
tance to ground may be very small compared to the open-circuit 
impedance of a transformer even for currents of fimdamental 
frequency. The reactance of the transformer is inductive and 
will be much larger at third harmonic frequency than at funda¬ 
mental. On the other hand, the equivalent reactance of the line 
is capacitive, and is consequently much less at third harmonic 
frequency than at fundamental. So that, for the third harmonic 
exciting currents, the impedances offered between line conduc¬ 
tors and ground may be negligible compared to the internal 
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impedances of the transformers. This means that the major 
part of the third harmonic voltages, which maintains the third 
harmonic secondary current, is consumed in the transfonner 
binding and that only a very small portion of this third hamioiric 
voltage appears across the terminals of the transformer between 
line conductor and ground. Essentially, the arrangement is 
similar to a generator of very high internal impedance, generating 
a voltage of third harmonic frequency which is applied to a load 
of comparatively low impedance. It is so like the phenomena of 
some types of constant current generators that the third har¬ 
monic of exciting current is often said to have constant curren t 
regulation. 

From the above considerations, it is seen that, in cases of long 
transmission lines connected to star-star transfonner banks 
hawng grounded neutral on the line side only, the voltage from 
line te^nal to neutral is not necessarily materially augmented 

a third harmonic. 


Hence, the theory, that the breakdowns of insulation and 
burn-outs, wMch have accrued with this type connection, were 
due to the third harmonic voltage between line terminals and 
ground, at least loses weight as a general explanation.* Also the 
anxiety over_ triple harmonic electrostatic induction in com- 


■E/VEN Harmonic Phenomena 

star star connected transformer bank supplying a three 
transmission line developed unstable coSitiofs annSihar 
phenomena, which had not been observ^/i ir, ^ 

or operation of such banks so fa^aTr 1 ^ 

of tta Sterate, on transformers dis°S ° The°lr“■ 
of any direct-current component in the t =. r * absence 
and the stable operation of the tr ? transformer currents, 

ages slightly less than those that g^i™ to 

eliminated the possibilitv +1^0+ ^-j to the phenomena, 

~ excitation ” d-ect- 

for the phenomena.t Because of ™ responsible 

p. 2183-2184 and 2189-2191 SlT'» Y"'' pT^TTi, 

1680-1681). August 1915, pp. 1675-1676 and 

S. Osborne, A I R R 't 

"‘If «"">>'l916, "• P- 
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phenomena, the^ writer became interested in establishing an 
explanation consistent with the generally accepted fundamental 
laws of electricity and magnetism. 

The phenomena were accompanied by vibrations and noises 
issuing from the transformers, and therefore it was first supposed 
that the trouble might be due to a loose coil or loose iron vibrating 
in response to the repulsion or attraction of the alternating mag¬ 
netic fields. The transformers w^ere new from the factory and 
had never before been in service, so they were tested. The low- 
tension windings were short-circuited and five times normal 
current was alternately suddenly applied to,"' and suddenly 
removed from, the high-tension windings several times. All the 
three transformers in the bank were tested thus, and none of them 
emitted any noise or showed any other signs of distress. 

There was available another bank of transformers that had 
previously been in commercial service several months, and in 
testing service a year and a half. The transformers of this bank 
differed from the first in practically every essential even to the 


name of the manufacturer. This is 
tabtiiar comparison of their ratings: 

Bank No. 1 

shown by the following 

Bank No. 2 

Manufacturer. 

A 

B 

Type. 

Core 

Core 

Frequency (cycles).... 
Kilovolt-amperes per 

50 

60 

unit. 

37.5 

50 

High-tension volts.... 

15000/14260/12980 

22000/21450/20900/20350 

Low-tension volts. 

12540/7500/7125 

19800/11000/10800/9960 

440/220/110 

2400/480 


The tests on the first bank had given rise to a new theory 
in explanation of the phenomena. In several instances, by this 
theory, it was possible, by estimates based upon quite crude data, 
to predict, within a few per cent, at what impressed voltage the 
phenomena would occur in the second bank. In one case in 
particular, certain phenomena were predicted at a certain im¬ 
pressed voltage and the prediction was fulfilled although, when 
tried, they did not obtain at an impressed voltage thirteen per 
cent lower. 

While these numerous fulfilled predictions added much weight 
to, and tended to sustain, the theory, they did not necessarily 
clearly and conclusively establish it. The explanation of the 
phenomena, so far as they had been analyzed, was submitted 
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to the American Institute of Electrical Engineers at the Sep¬ 
tember meeting of 1915.* Since the ensuing discussion did not 
develop a sufficiently definite contradiction of the theory, there 
was impetus added to further investigation. 

Briefly, the original observations involved several different 
conditions: 

A star-star bank, with generator neutral isolated and line- 
side neutral grounded. The duty was charging a line 37 miles 
long. 

Another bank similarly connected, but composed of units 
made by a different manufacturer and of different ratings in 
every respect. The duty of this bank was the same as for that 
in case 1 but on another day. 

‘'3. A bank of 1 to 1 auto-transformers connected star with 
grounded neutral, at the sending end of the 37-mile line, which 
was charged by a delta-delta bank.” 

^^4. A bank of transformers stepping down from isolated 
neutral star to ‘interconnected delta’. In this instance, the 
current circulating in the ‘interconnected delta’ contained 
prominent even harmonics. 

“5. A bank of 13,200 to 110-volt potential transformers con¬ 
nected star with grounded neutral to the sending end of the 37- 
mile line, which was supplied from a delta-star bank with isolated 
neutral. The secondaries of the potential transformers were 
open-circuited,” 

I. ‘‘In some cases, when charging the line from transformers 
connected star-star with grounded neutral on the line side, an 
undertone of one-half fundamental frequency was present in the 
leg voltages (voltages from line terminal to neutral) and in the 
currents on the generator side of the bank.” 

II. “In some other cases, two of the leg voltages were approxi¬ 
mately V 7/3 times the delta voltage (voltage between line 
terminals), while the magnitude of the voltage of the third leg 
was approximately normal; that is, 58 per cent of the delta volt¬ 
age. The leg voltages had distinctly different wave shapes, 
and their fundamental components were conspicuously not 120 
time-degrees apart in phase.” “The currents in the buses on 
the generator side of the bank were several times normal.” 

III. “In still other cases, the leg voltages had double fre¬ 
quency components, approximately four times as large as the 

*L. N. RobinsonT TRANs, A. I. E. E., 1915, pp. 2183-2195. 
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fundamental components, and the transformers vibrated inter¬ 
nally.” 

IV. "'In the case of the 1 to 1 auto-transformers, the delta 
voltages were affected by the phenomena, becoming nearly twice 
a,s great as existed when the auto-transformers were not con¬ 
nected to the line. The delta voltages were of fundamental 
frequency with no double frequency component, while the leg 
voltages contained the large double frequency component.” 

'Tn all cases in which the second harmonic was prominent in 
tlie leg voltages, it was in time-phase in all three legs. This was 
proved by oscillograms of the simultaneous values of the three 
leg voltages, by a measurement of their vector sum, and by 
fact that the second harmonic was not in the waves of delta 
voltages.” 

Periodically Reversing Leg. In submitting the previous paper 
to the Institute, it was said that: ''The case (I above) in which 
the second undertone, or 'one-half’ harmonic was present, is 
explainable by a periodically reversing leg; .i.e, one leg of the 
bank reversed once for each fundamental cycle, so that the 
fxindamental component of current in the leg tended to flow in 
the same direction through the unit during the entire cycle. 
In the next cycle the leg reversed again, so that the fundamental 
component of current tended to flow in the opposite direction 
from that in the previous cycle.” 

By this it is meant that the transformers, originally in the 
relative electrical positions of Fig. 9, reversed at some point in 
the cycle and assumed the relative positions of Pig. 10; and that 
at a corresponding point in the next cycle they reversed back to 
the position of Fig. 9, etc. Because the delta voltages are fixed 
by the three-phase generator, the vector differences, by pairs, 
of the fundamental components of the three leg voltages must 
be equal in magnitude and their vectors must close an equilateral 
triangle for the conditions of both Fig. 9 and of Fig. 10. This- 
requirement is met by the vector arrangement of the fundamental 
components of leg voltages shown in Figs. 11 and 12 respectively. 

"While this gives analytical and graphical illustration of the 
I phenomena, it brings up the question, how can there be a periodi¬ 
cally reversing leg in the absence of any pole changing devices? 

Causes. As mentioned above, the phenomena were discovered 
xtrider conditions shown in Fig. 8. In the star-connected, three- 
l>hase transformer bank, under normal, stable conditions the 
ftuiidamental components of the primary impressed voltages may 
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be represented by vectors as in Fig. 13. represent 

the voltages impressed upon the bank between line terminals; 
and El, and Es represent the voltages impressed upon the 
individual transformers Nos. 1 , 2 and 3 respectively. 


Ea = El — E 2 , Eb = E 2 — Ez and Ec = Ez— Ei. 

If a line in the plane of the diagram, Pig. 13, is rotated about 
the origin as axis, at a constant angular velocity of 2 tt/ radians 
per second, where / is the frequency of the fundamental volt¬ 
ages in cycles per second; the magnitudes of the different 
voltages will be equal to the intercepts upon this line of the 
circles whose vector diameters represent the maxima of the 
respective voltage waves. The relative instantaneous values of 
these six voltages are given in Fig. 15 (a to 1) for each twelftli 
of one cycle, as indicated. 



Fig. 9 



Fig. 10 


Fig. 11 



The fundamental components of the secondary voltages may 
be represented m similar fashion differing from the respective 
pnmarr impressed voltages m magnitude according to the ratio 
nsformation, and m phase by approximately tt radians, 
or present purposes, the secondaries of any two of the trans¬ 
formers, say Nos. 1 and 2 , of the bank may be resolved into the 

snrrif^ “■ 

erator is not electrically connected to the secondary of the 
transformer, the generators shown in Fig. 14 serve mLdv o 
^present the sources of the fundamenti frequeucVriSiol 
& aud and combiaed they ate the Souris ofT ^ ’ 

frequScfilTsTn tte"™"'' *0 fundamental 

cuments ^ respective circuits of Pig. 14 . These 

“rrSnX-rrr srus?:v”^"“ “ 

the ratio. B/H or A A' yro • ' ^^®se cores are iron, 

hysteresis loop like tha^’ofFiV% a 

P iiKe tbat.of Fig. 2 , Consequently, the inductance 
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of the circuit varies because the inductance is the ratio, (p/i, 
multiplied by a constant. 

Under the discussion of “Star-Star Connection with Grounded 
Neutral on Line Side Only” above, it was shown that the inductive 
exciting reactance of the transformer might be smaller than, 
equal to, or greater than, the series capacitive reactance of the 
line. Since the manner of variation of B/H, or is dependent 
upon the maximum value of <i>, or of i, and since these depend in 
turn upon the maximum value of the voltage, Ei or ; it is seen 
that by varying the voltage a value will be reached where the 
circuit becomes resonant; that is, where the inductive reactance 
of the transformers and line becomes equal in magnitude and 
opposite in sign to the capacitive reactance. 

This leads directly to the most interesting fact, that the sum 
of the magnetomotive forces in the transformer, primary and 



secondary combined,* will pass through zero at the same in¬ 
stant as the impressed voltage, Ei, for some value of this voltage. 

Consider now the hysteresis loop of Pig. 16. The dashed 
loop is the one that would obtain under normal stable, or bal¬ 
anced, conditions such as shown in Figs. 9 and 11. Starting 
from the point. A, the flux will vary along the curve to B as 
indicated by the arrow. If, as the total magnetomotive force 
passes through zero at this point, B, the voltage, E,, also passes 
through zero; the electrical circuits of transformer No. 1 are 
collapsed; that is, Ei is passing through the value shown in Fig. 
15 (d). In the succeeding instant, as Ei increases, the transformer 
No. 1 may assume the position of Fig. 9 or the reversed position 
of Fig. 10.^ Which will it select? Nature demands the easiest 
course, so it will select the reversed relations of Fig. 10 and 12. 

At the point, B of Fig. 16, there is en ergy stored in the core.f 

*C. P. Steinmetz, “Theory and Calculation of Electric Circuits ” o 219 
Fig. 106. 

tC. P. Steinmetz, "Theory and Calculation of Electric Circuits ” o 56 
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Where there is stored energy, there is inertia, either positive 
or negative. In the magnetic field or moving body, there is 
positive inertia; that is a tendency to resist alteration of condi¬ 
tions. In the electric field or breech full of gunpowder, there is 
negative inertia, called a charge; that is, when released, by 
short-circuiting the condenser or igniting the powder, the stored 
energy assists alteration with maximum effect at the start. In 
some cases, both positive and negative inertia exist, e.g. in elec¬ 
tromagnetic phenomena. A most striking illustration is a car¬ 
load of gunpowder standing on a track. If a source of moti^’^e 



the n.,a Je anTa^ 

follows. This distinction of sign of inertia is hnr *’*”*?'■ 

sideration of electric and borne out in con- 

ance of an electric circuit holiVpkcri^'S'f ( 
equatio^ analogous to the moment of iSrS to 11,^ 

Of mechanics, and the capacitance holdti V ^ equations 
the elasticity of a spring. Of course ela<^+—analogous to 

mous mth negative inertia. It is the Sasri ^ .synono- 

is the elastic quality, of the 
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material, that induces storage of energy in such manner as to 
create negative inertia. 

From the standpoint of inertia, when the m.m.f. is altered by 
a small amount from that at the point, B on the loop of Fig. 
16, only a slight change in will be required if the flux proceeds 
along the solid curve toward C; that is, little inertia need be 
overcome; whereas a large change in 0 will be required to carry 
the flux along the dashed curve toward K. 



Fig. 16— Hysteresis Loop for “Reversing Leg” 

To store more energy or to extract some of the stored energy 
would require an expenditure of energy proportional to the 
amount of energy to be stored or extracted. The expenditure 
of energy results in work being done. To change the amount 
of stored energy represented by the flux at the point, B, to that 
at the point, K, would demand that an amount of work be done 
which is proportional to the increment of m.m.f. multiplied by 
the difference of the fluxes; that is, the work would be approxi¬ 
mately 
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Whereas, to change the stored energy from that at B to that at 
C would require approximately 

Wq = 

2 

for an increment of m.m.f. equal in magnitude to F^;. 

It is seen from the diagram, Fig. 16, that <^c — <Pb is less than 
~ in magnitude, 
and since 

Fk = - Fc 


IVc = is less than 

Hence, by both the theories of inertia and of least work, one 
of the transformers of the bank will reverse under the given 
conditions. 

After the transformer flux has started from the point, B, 
toward the point, C, it will continue along the solid curve to a 
point, D, where the maximum m.m.f. is reached, because the 
impressed voltage is continuously applied. If is equal to, 
or greater than. Fa, <^d will be greater than (j)^ because of the 
energy stored at the point, B, where F=0; just as a separately ex¬ 
cited generator will build up to higher value of voltage if it has 
some initial magnetism than it will if the flux is initially zero. 

As the m.m.f. decreases, the flux will follow the solid curve 
from D to E, where <pE is different from so that, when the 
curve crosses the axis at E, the magnetomotive force, F, and the 
impressed voltage, Ei, do not pass through zero together. Con¬ 
sequently another reversal does not take place at the point, 
E, but the flux proceeds along the solid curve to the point, A', 
and thence to F', where another reversal takes place, returning 
the transformers to the relative positions of Pigs. 9 and 11; and 
so on, reversing once in each fundamental cycle. 

If the magnetomotive force or voltage waves contain har¬ 
monic components, the problem becomes more complicated; but 
the phenomena of periodic reversal will obtain when the im¬ 
pressed voltage and circuit conditions are such that the sum of 
the magnetomotive forces in the transformer passes through its 
zero value at the same instant as the impressed voltage. 
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The effect of this periodic reversal is to distort the voltages 
between line terminals and neutral as indicated by Figs. 11 and 
12, and to introduce high harmonics because of the enormous 
magnetic densities to which transformers Nos. 2 and 3 are sub¬ 
jected. 

Since the period of a total cycle of a reversing leg is twice as 
long as the fundamental frequency cycle of the impressed voltage, 
the phenomena are easily distinguishable by the presence of a 
second undertone, or ''one-half” harmonic, in the voltages 
between line terminals and neutral. 

Tests. It was attempted to simulate the conditions of Fig. 8 
in the laboratory by using three similar 10 kv-a. trans¬ 
formers. Unstable conditions were obtained, but almost as 
soon as they appeared, arcs would develop in the condensers, 
producing large, very high-frequency effects that made the 
recording of oscillograms useless. The only condensers, that 
were available and at all suitable for the purpose, were one 
microfarad and two microfarad paraffin paper telephone con¬ 
densers which apparently are not of sufficient dielectric strength. 
Other methods of obtaining the conditions are under considera¬ 
tion and will be tried as soon as possible. 

Permanently Reversed Leg. The previous paper disposed of 
Case II by saying: "In the case with the stable unbalanced leg 
voltage condition, the neutral on the generator side of the bank 
assumed a fixed position with one leg reversed so that the volt¬ 
ages from two of the line conductors to neutral were approxi¬ 
mately V 7, (2.64), times the voltage from the third conduc¬ 
tor to neutral. 

It is easily demonstrated in the laboratory that one trans¬ 
former of an energized three-phase star-star connected bank will 
collapse if a non-reactive load is connected between one line 
terminal and neutral; that is, the voltage of this transformer 
will fall to zero, and the other two will operate as in the open- 
delta connection under no-load. 

It is equally simple to demonstrate that, by applying to one 
transformer of the energized star-star connected three-phase 
bank an e.m.f. from a single-phase generator, the voltage of this 
transformer may be made to assume any desired phase relation 
with respect to the voltage of the other two by merely adjusting 
the phase relation between the three-phase generator supplying 
the bank and the auxiliary generator. Among these possi¬ 
bilities is the reversed leg relation of Fig. 10, whose voltage re¬ 
lations are given in Fig. 12. 
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Of course, it must be noted that in these abnormal relations, 
the voltages on at least two of the transformers are abnormal 
because the vector difference of the leg voltages by pairs nrust 
always be the voltages between line terminals supplied by the 
three-phase generator. Hence, unless the tests are conducted 
at low voltages, dangerous voltages may arise or excessive excit¬ 
ing currents be demanded. 

Causes. The question arises; what causes the transformer, 
under service conditions, to reverse to this abnormal position,’ 
Fig. 10, rather than assume the normal position of Pig. 9? 

It is to be recalled that the abnormal phenomena arose upon 
charging the transformers and line together by closing the oil- 
switch on the generator side on the bank. As stated in the 
previous paper; “when charging the line the first time, leg A 
might reverse and continue reversed as long as the bank was 
excited. Switching off and on again might bring either leg B 
or leg C in reversed, and the reversed leg would be a stable con¬ 
dition as long as the transformers and line were energized 
Occasionally, the three legs would come in without a reversed 
leg and conditions would be normal.” 


Subsequent to these tests, large accumulations of atmospheric 
electncity were observed on the line conductors under favorable 
seasonal conditions. With the line isolated throughout its length, 
an electrostatic voltmeter indicated differences of potential’ 

voltr^Vrirf’Tf-' ^ the hundreds of 

Infbv Ihe t“'ter had a range of only 80 volts 

and by the use of a senes capacitance as multiplier the range 
could be raised to only something like 300 volts, but the poteL 
tials went well beyond this range. After grounding the Hnl to 
dram the charge, the potentials would build up again in a few 
^ntaf'l neighboring bodies at or near the same hori- 



1917] ROBINSON: TRANSFORMER CONNECTIONS 1105 


necessitates charge from conductors to ground 

wrcoltl to f V conductors 

Wi, f potentials, however large or small. 

the inertia generator side of the bank. 

thie of the Hue o r r fields tends to keep all 

transformer windings at oositive 

sterT?h™f th^r' 'f alternating currents 

start through the transformers in conformity with the initial 

conditions provided. After once started, the phenomena of the 

in the cycle, the sum of the m.m.fs. in the reversed transfomer 

Sd the tr?^^ impressed voltage, 

^ periodically as discussed above in 

hpioT^*'°" multiple frequency discussed 

below or other yet undiscovered phenomena intervene and take 
precedence. 

_ Pulsahng Neutral. In the third case presented in the pre¬ 
vious paper, the voltages between line conductors and ground 
contained even multiple frequency components. The original 
exp anation of this phenomenon, though not contradicted, was 
questioned for want of clearness, and it will therefore be dis- 
cussed here more fully. 

It has been shown above that, when the transformers and 
line of hig. 8, are energized by closing a switch on the generator 
side of the bank, one of the transformers may come in reversed 
on account of the initial potential of the line conductors (see 
rig, 10); and that, if the sum of the magnetomotive forces in the 
reversed transformer does not later pass through its zero value 
at -an instant when the impressed voltage passes through zero 
there will be no opportunity for this transformer to reverse to 
its normal position. Fig. 9. 

With transformer No. 1 reversed and Nos. 2 and 3 in the 
positions shown in Fig. 10, the fundamental component of volt¬ 
age in Nos. 2 and 3 is 2.64 times that in No. 1. At low magnetic 
densities, this unbalance in the voltages apparently does not 
produce excessive unbalance of energy requirements among the 
three phases. 


But as the voltage is increased, and the hysteresis loop of the 
transformers, Nos. 2 and 3, bends over, as in the outer loop of 
Fig. 27, page 52 of Steinmetz’ “Theory and Calculation of 
Electric Circuits,” the energy requirement in transformers Nos. 
2 and 3 becomes enormous and thus with that of transformer 
No. 1 produces a gross unbalance. 
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Stich being the case, it appears to be easier for the transformers 
to assume electrical relations as lateral edges of an inverted 
isosceles tetrahedron, Fig. 17, and thereby balance their energy 
requirements rather than assume the plane relations of Pig. 10. 
The edges of the base of the vector tetrahedron, Pig. 18, corres¬ 
ponding to Fig. 17, are the voltages between line terminals and 
conform to the limitations set by the generator. The vectors 
from the center of the base to the corners of the base are the 
fundamental components of the leg voltages. 

Since the line conductors tend to stay at a positive potential 
with respect to the earth, and since the potential of the earth is 
constant, zero, the base of the tetrahedron must be lifted from 
the apex to its maximum position twice in each fundamental 
cycle. That is, the difference of potential between the apex 




Fig. 18 


(neutral of the transformers) and the center of the base (neutral 
of the line conductors) has two maxima and two minima for 
each fundamental cycle. Hence, the e.m.f., represented by a 
vector coincident with the altitude of the tetrahedron, has 
double frequency. The lateral edges of the tetrahedron do not 
represent the leg voltages because thus far it is only possible to 
represent single frequency variables by single vectors; and leg 
voltages are the vector differences between the double frequency 
vector (altitude of tetrahedron) and the fundamental frequency 
leg voltage components (center of base to corners of base). 

While this explanation is perhaps still unsatisfactory in com¬ 
pleteness, it is as far as it is possible to go at present. To sum 
it up: it seems that, at higher voltages and consequently higher 
flux densities, the pulsating neutral phenomena, evidenced by 
the double-frequency voltages between line terminals and neu¬ 
tral, are preferable to the permanently reversed leg phenomena 
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either because the former produce better balance in the energy 
requirements of the three units or because they make less total 
energy demand on the system, or both. The last is probably 
the actuality because in nature a symmetrical balance is usually 
requisite to maximum efficiency. 

Auto-Transformers. In the fourth case, the high-voltage wind¬ 
ings of a bank of transformers were connected star to ground the 
neutral of an otherwise isolated-neutral transmission line. The 
low-tension windings of the star-connected transformers were 
also star-connected with no-load, but neutral grounded to guard 
against induced potentials. Thus, in effect, these star-connected 
transformers were 1 to 1 auto-transformers or ironclad reactors 
connected between line conductors and ground. 

The even harmonic phenomena were observed with this ar¬ 
rangement much as in the case of the star-star connected trans¬ 
formers discussed above. Further than this, the voltages be¬ 
tween line terminals were approximately doubled by the presence 
of the auto-transformers. 

At this time, nothing more can be said in explanation of the 
behavior of the auto-transformers than was said in the previous 
paper, except insofar as the above discussion of star-star con¬ 
nected transformers applies. 

Sixth-Harmonic. Under the conditions where the second har¬ 
monic prevailed in the voltages between line conductors and 
ground, there was a large sixth harmonic component in the line 
and neutral currents, but there was no pronounced sixth har¬ 
monic component in the voltages between any line terminals of 
the transformers and neutral. This sixth harmonic current is, 
of course, the third harmonic of the second, and is required in 
the adjustment of the current in the ironclad circuit to meet 
the second harmonic voltage conditions. 

Vibrations—Noises. After a consideration of the tremendous 
forces, electromotive and magnetomotive, to which the trans¬ 
formers were subjected during the phenomena discussed above, 
it seems almost like adding insult to injury to wonder why the 
transformers vibrated and emitted noises evidencing distress. 

There can be no doubt that these vibrations and noises were 
the results of alternate repulsion and relaxation of stresses in the 
cores or coils, or both, and in their supports and braces, produced 
by the extremely large fluxes involved. 

Laboratory Tests. In order to arrive at a rigorous solution of the 
phenomena, it is naturally desirable to study them under labora- 
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tory conditions where the factors may be segregated and ana¬ 
lyzed. With this object in view, it was attempted to simulate 
the conditions of Fig. 8, in the electrical laboratory here.* 

It is obvious that to approach resonance between artificial 
line and transformers a considerable investment in condensers 
would be involved unless low-voltage, low-power transformers 
were used. On this basis, three 60-cycle, 10-watt, 1100/2200- 
110-volt potential transformers were selected. It was planned to 
connect them star-star, 1100 to 110-volts, thus putting the 
artificial line on the 110-volt side because high-voltage conden¬ 
sers were not available. 

Meter measurements of the exciting admittances and suscep- 
tances from 30 volts up to 110 volts showed approximate equiv¬ 
alent exciting reactances ranging from 150 ohms to 350 ohms. 
In a rough way, this indicated that 20 microfarads per phase 
would be required for the tests. Sufficient paraffin paper con¬ 
densers were provided. 

While electrostatic voltmeters would have indicated the effec¬ 
tive values, r.m.s., of the abnormal voltages, it is essential that 
the phenomena be studied by means of an oscillograph. An 
electrostatic oscillograph was not available, and an electromag¬ 
netic oscillograph makes so large an energy demand upon the 
circuit investigated than an oscillograph vibrator with its series 
resistance connected between artificial line conductor and neutral 
would have materially altered the character of the line. So it 
was decided to investigate the currents in the three transformers 
and line conductors by the insertion of 1.00-ohm shunts from 
which drop leads were connected to the oscillograph. 

The apparatus was connected as shown in Fig. 8 except that 
no conductance was introduced other than that inherent in the 
paraffin condensers. The transformers were in one room near 
the generator, while, in order to expedite manipulation while 
operating the oscillograph, the condensers were placed in the 
oscillograph room about 75 feet from the transformers. This 
made it possible to insert the 1.00-ohm oscillograph shunts 
between the condensers and neutral, which latter was grounded 
for safety. 

By an auxiliary potential transformer connected between 
supply lines, it was possible to keep track of the delta voltage 
impressed on the transformers. 

Because of the excess ive leg voltages anticipated, the tests 

♦University of California. ~ " - 
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were started at very low impressed voltages, and at each voltage 
the capacitances between line conductors and ground were varied 
over the available range, balanced and unbalanced. Of course, 
the current from line conductors to neutral showed the usual 
transformer harmonics, but nothing abnormal occurred until 

1940, (1120 Vs), volts between wires was applied to the 
primary side. 

With 1940 volts applied thus, the waves of line to neutral 
currents, on the visual tracing table of the oscillograph, began to 
travel, so to speak. That is, there was introduced a very low 
frequency component which had not been observed in previous 
tests. These phenomena came with only six microfarads be¬ 
tween each line conductor and neutral. They would not exist 
at lower voltages with larger capacitance or at this voltage with 
smaller capacitance. This substantiates the theories that the 
phenomena depend upon a critical point in the variation of the 
exciting reactance of the transformer, and upon the inter-relation 
of the line susceptance and transformer reactance. 

The records of these phenomena are submitted in oscillograms, 
r-1, r-2 and T-S. 

Noting the 60-cycle (same frequency as supply) timing wave 
on oscillogram T-Z, vibrator 1 and the current from line conduc¬ 
tor 3 to neutral, shown on vibrator 3 of T-3; it is observed that, 
for any two successive 1/60-second intervals, the latter wave 
does not repeat itself but undergoes a consistent alteration. In 
fact, there appear to be no two identical 1/60-second sections 
in the whole record, T-3, which covers more than 1/6 second. 
This is consistent with the instability and apparently very low 
frequency alternation observed on the oscillograph tracing table 
before the record was taken. Also, the progressive alteration 
of the wave, compared to the stable timing wave from the same 
source, indicates conclusively that the currents in the line, and 
thereby the voltages from line to neutral, are in considerable 
measure independent of the wave shape and frequency of the 
impressed supply voltage when the grounded neutral star-star 
connection is employed in transmission under suitable condi¬ 
tions. 

The tests could not be carried materially beyond 1940 volts 
impressed because the potential transformers were then carrying 
1.6 amperes each and were doubtless withstanding excessive 
voltages. They became so hot that the insulation filler was 
softened. 
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Next, series resistances up to approximately 200 ohms each 
were inserted in the line conductors. These had no observable 
effect on the production of the phenomena. They probably 
reduced the magnitudes of the currents somewhat but even this 
was not noticeable on the oscillograph. 

It was suggested that admittances connected directly between 
line conductors might have some effect. Some different com¬ 
binations of delta-admittances alone, and of delta- and Y- 
admittances together were tested. The phenomena depended as 
before upon the magnitude of the Y-admittances and upon the 
impressed voltage. The oscillograms, TA, T-5 and T-G are the 
main records. They show substantially the same variation of 
the line to neutral currents as oscillograms TA, T-2 and T-S. 
The conclusion to be drawn is that the admittances connected 
directly between line conductors, though necessarily affecting 
the line to neutral currents to some extent, are not essential to 
the production of the phenomena of instability. 

Conclusion 

While the foregoing can not be thought of as expressing the 
conclusive solution of these most interesting phenomena, it is 
felt that the recent work has resulted in substantial progress. 
In reviewing the subject, it is gratifying to note that the theory 
still stands in essence as originally outlined though there have 
been many additions and adjustments which, however, have 
served only to make the factors more consistent. 

Since the original tests were made, the writer has been told 
of a case where, in starting up an auxiliary plant, inexplicable 
vibrations in the transformers were observed under conditions 
similar to those involved in these experiments. It happened on a 
grounded neutral 100,000-volt system, where the grounding 
transformers usually had secondary or tertiary deltas. The bank 
at this auxiliary station had no such delta. In starting up this 
time, the line was energized from this station, to be synchronized 
at a distant station. As soon as the distant station, with its 
tertiary delta-star grounded neutral bank, was connected to the 
line, the vibrations in the transformers at the auxiliary station 
ceased. 

Since then, the writer also noted the remark of Mr. Bernard 
Price in the latter's recent discussion of the report of the Trans¬ 
mission Committee of the American Institute of Electrical 
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Engineers.* In the second from the last paragraph on page 596, 
Mr. Price says: “With the neutral of the 40,000-volt system 
earthed at two distant points, we found the presence of a com¬ 
paratively large amount of even harmonics, the sixth being 
predominant and over 20 per cent of the fundamental in value 
and in phase with it.” There can be little doubt that, by the use 
of the oscillograph, he has discovered much the same phenomena 
as have been here discussed. 

An attempt to reach Mr. Price, in South Africa, by letter 
dated in December 1916 has probably been interrupted by ship¬ 
ping conditions. No reply has been received up to April 24, 1917. 

These two cases observed in commercial practise, one in South 
Africa and one in the United States, coupled with the facts that 
our original tests were conducted on two dissimilar banks of 
transformers, and that certain of the associated phenomena were 
produced in a bank of three 10-watt potential transformers in 
the laboratory, are, at least, indications that the phenomena were 
not locally peculiar to special conditions as might be thought at 
first sight. 

The writer believes that a system of notation, similar in its 
application to that of the present plane vector complex quantity 
notation used in expression of single-frequency phenomena, would 
be eminently useful in handling the above phenomena of in¬ 
stability. It hardly seems possible that there is no simple means 
available for representing in one diagram multiple-frequency 
variables either separately or combined. In Fig. 18, an attempt 
has been made toward an extension; but it has not gone very far, 
and difficulties would obviously be encountered if an attempt 
were made to include the third, sixth and a few other harmonics. 
Probably vectors in three-dimensional space will not suffice. 

In closing, the writer desires to acknowledge his indebtedness 
to many engineers who, by their criticisms and suggestions, have 
encouraged the work; and for the facilities placed at his disposal 
for conducting the tCwSts and experiments. 


*Trans. a. I. E. E., Vol. XXXV, 1916, pp. 590-597. 
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MAGNETIC FLUX DISTRIBUTION IN ANNULAR 
STEEL LAMINAE 


BY A. E. KENNELLY AND P. L. ALGER 


Abstract of Paper 

The distribution of alternating magnetic flux density in ring 
laminae is studied experimentally. It is found to differ materially 
at different radii, not only in root-mean-square magnitude, but 
also in wave form. The reasons for this distortion are discussed. 


I T IS well known that when a circular steel lamina, of the 
simple geometrical form shown in Figs. 1 and 4, is subjected 
to a circumferential alternating m.m.f., by the application of a 
ring winding, the magnetic flux density in the lamina is not 
constant over the cross section, but varies with the distance from 
the midplane. The flux density is greatest at the surfaces and is 
a minimum at the midplane, owing to what is commonly called 
'^skin effect,” or magnetic screening due to superficial eddy 
currents. This variation of flux density may be called ''depth 
variation.” The experiments here reported were undertaken to 
ascertain whether the flux density in the plane of the lamina 
likewise varied. If "edge effect” were present, the flux density 
would be greatest at the inner and outer edges, and would reach 
a minimum at the mid radius. Such variations of flux density 
may be called "radial variations.” The experiments have shown 
that there is a very marked radial variation of flux density in such 
laminae, and also a very marked difference in the wave form of 
alternating magnetic flux density at different radial belts; but 
these variations are to be attributed, for the most part, to 
variations in the permeability ix of the metal under the different 
values of 5C at the different radii, the "edge effect” or lateral 
magnetic screening being small in comparison therewith. 

The m.m.f. of the ring winding has of course one and the same 
value in all of the circumferential belts. The same ampere turns 
or gilberts act on the outer edge as on the inner edge. The 
gilberts per cm. are therefore less at the outer than at the inner 
edge. This excess of magnetic intensity flC towards the inner edge 
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tends to create a greater flux density at that edge. But the per- 
meability varies with JC in such a manner that the crowding 
at the inner edge is exaggerated for low magnetic densities 
Moreover, the wave form of the alternating magnetic flux is 
considerably distorted at the edges from that of the total flux in 
the lamina. 

These distortions of radial flux density, although very striking 
are not entirely new. Kapp has called attention to the fact that 
the mean flux density in the laminated core of a dynamo arma¬ 
ture, obtained by dividing the total flux by the armature cross 
section, is not the same as the arithmetical mean of the flux 
densities at the" inner and outer radii.^ Niethammer^ has also 
computed the flux densities at different radii of a laminated ring 
transformer, and has pointed out that at low average densities 
the distribution, with a permeability assumed constant, must be 



Fig. 1-—Silicon Steel Lamina 


markedly different from that with permeability varying with 5C 
in the ordinary way. So far as we are aware, however, the matter 
has not been investigated experimentally, and the necessarily 
accompanying distortion in magnetic wave form has not been 
noticed or referred to. 


^ Laminae Tested, The laminae were annular stampings of high- 
silicon steel. The external diameter of these stampings was 
50.8 cm. (20 in.), the internal diameter was 40.6 cm. (16 in) and 
their thickness 0.355 mm. (0.014 in.). These were standard 
blank stampings of best grade transformer steel. The material 
IS characterized by high resistivity (520 00 absohm-cm.), with a 

Gleich-und Weohsclstrom, 3rd Edition,?. 
254, by G. Kapp. ^ 


2. Sammlung Elektrotechnischer Vortrage, Vol. 11 , Part 11-12. 
netism, pp. 10-12, by P. Niethammer. 
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low temperature coefficient of the vSame, and a high initial per¬ 
meability. 

A laminated core was made up of 25 of the above stampings, 
using an insulating layer of paper 0.076 mm. (0.003 in.) between 
laminae. The resulting core had an average thickness of 1.2 
cm. (0.47 in.) The weight of steel in the core was 4.78 kg. 
(10.51b.) 

As is indicated in Fig. 1, small holes a, b, were drilled through 
the core, in a diametral line 0 D, and perpendicular to the plane 
of the laminae. The diameter of each hole was 1.02 mm. (0.040 
in.) Figure 2 gives in greater detail the distances between these 
holes, and the edges of the core. The object of the holes was to 
divide the core radially into three concentric annular belts, 



Pig. 2—Showing Positions of Holes Fig. 3—Belt 

FOR Belt Windings Windings 

the magnetic flux in each of which could be separately determined 
by the aid of suitable windings through the holes. Four fine 
insulated copper wires were passed through each hole to form 
a winding of two turns (Fig. 3) around each annular belt. By 
the use of a Drysdale-Tinsley potentiometer, the voltage induced 
in these two-turn windings could be measured at all the fre¬ 
quencies employed. In order, however, to obtain oscillograms 
of the induced alternating-voltage wave forms, it was found 
necessary to employ windings of more numerous turns, and two 
sets of larger holes (diam. 5.6 mm. or 0.22 in.) to receive these 
windings, were drilled on another diametral line D\ as shown 
in Fig. 1. Twenty turns were used in these larger belt windings. 

A primary single-layer winding was distributed around the 
core, consisting of 450 turns of d.c.c. copper wire No. 19 A. W. G. 
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(bare diam. 0.91 mm.) divided into six coils aa', h¥. Fig. 4, 
averaging 75 turns each. In addition, two secondary coils cc'’, 
cc', of 75 turns each, were applied at diametrically opposite 
sectors, around all the laminae forming the core. 

The sources of primary impressed voltage were two three- 
phase alternators, specially designed by Prof. C. A. Adams to 
deliver a close approximation to a sinusoidal wave. One of these 
generators was used up to a frequency of 100 ~, and the other 
~ Thedeclrical connaotions 

are indicated in Pig. 4. 


^ b' 
To Potentiometer 



Sine Wave 
Alternator 

aa' are 125-Turn Primary Coils ) 

DD are 50-Turn Primary Coils I Connected 
cc are 75-Turn Secondary CoilsJ 

Pig. 4 


^viETHODs OF Testing 

consisted in impressi^^^s^nu^idafr^ ^ currents 

ing bb' Fig. 4. of the desired freouenr'”'’^' Primary wind- 

flux m the core of sinusoidal wave fonj’ Produce a total 

C} die flux density generated in the cr,^' ^'^erage maximum 
obsen^ations of the voltmeter and deduced from 

tiometer readings on a sindeJ ^ Drysdale poten- 

The total flux in the core was fouS t^be^'^T f' core. 
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ponents of the inner, middle and outer belt e.m.fs from the inner, 
middle, and outer secondary coils Si, Sm and So respectively, 
were measured on the Drysdale potentiometer, as is indicated in 
Tables I, II, and III for the frequencies of 60, 340 and 696 
Belt Potentiometer Tests. The results arrived at in the fore¬ 
going tables show that the maximum fundamental flux densities 
in the three belt paths are very different, especially towards low 
densities. The cross sections of the three belt paths, as de¬ 
termined by the positions of the two small holes through the 
core, were equal within 3 per cent; but the outside belt carried 
at .B,nax. = 1000, 340only 24 per cent of the total flux instead 
of 30.9 per cent on the basis of constant permeability. On the 
other hand, the inside belt carried 45 per cent. The middle 
belt carried 31 per cent. The results for three different frequen- 



KILOGAUSSES (Max. Cyclic) AVERAGED OVER CORE CROSS-SECtlON 

PiQ, 0 —Variation of Flux Distribution with Density 

ci& are shown at various flux densities averaged over the 
entire core, in Fig. 6, The curves show that the greatest dis¬ 
tortion from uniformity in the three annular belt fluxes occurs 
at the lowest flux density, and it diminishes as the density 
increases. At the highest flux density of 13 kilogausses (maxi¬ 
mum cyclic averaged over the entire cross section) the three belt 
flux densities are more nearly in inverse proportion to the lengths 
of the respective annular flux paths. The reasons for this non- 
uniform distribution at low flux densities will be considered 
later on. 

Belt Oscillograms. Figs. 7, 8 and 9 are oscillograms of the 
secondary e.m.f. induced in windings of 20 turns each on the 
inner, middle, and outer belts, Si, S^ and So respectively, 
taken at the same time as Fig. 5. The oscillograph was a 
Duddell vibration galvanometer tuned to about 2000 . This 
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instrument was selected for the^purpose, instead of the ordinary 
oil-damped oscillograph because of its sensitiveness, the current 
required to operate it being only about 10 milliamperes r. m. s. 
It was desirable to keep the oscillographic current and ampere 
turns as low as possible, so as not to distort the voltages and 
flux distributions among the three belts. With 20 secondary 
belt turns, and 10 milliamperes, this secondary m.m.f. would be 
only 0.2 r. m. s. ampere-turn per belt. The resistance of the 
instrument itself was 130 ohms, and an extra resistance of 57 
ohms was included in its circuit. The effect of this counter 
m.m.f, of 0,2 ampere-turn was to distort somewhat the wave 



DEGREES 


Fig. 10—Reproduction of Belt Oscillograms to a Uniform Scale 
AND THE Equivalent Sinusoidal Total e.m.f. Summation Ordinates 
ARE Shown by the Circles 

Fourier analaysis of flux waves in Fig. 10. 

Eo = 34.5 sin 6 + 5.3 sin 30 — 4.2 sin 50+ 

+ 3.1 cos 0 - 2.9 cos 3 0 + 0.4 cos 5 0 + 

Efn, = 23,8 sin 0 — 2.4 sin 3 0 + 0.9 sin 5 0 + « , , n o a a « a -l 

— 1.5 cos 0 + 1.0 cos 3 0 + 0.6 cos 5 0 + 

E. = 47.7 sin 0 - 8.6 sin 3 0 + 2.0 sin 5 0 + „ , . i on nA k a 

i + 0.2 CO £ 0 + 0.1 cos 3 0 — 0.4 cos 5 0 + 


Eo + Em + S 


= 106.0 sin 0 — 5.7 sin 3 0 — 1.3 sin 5 0 + o a _l o r 

+ 1.8 cos 0 — 1.8 cos 3 0 + 0.6 cos 
^ .6 0 4- 


shape of flux in each of the three belts. This distortion should 
however be of the same character for each belt, and if the three 
belt fluxes were the same, the three belt oscillograms should be 
substantially the same. 

The oscillograms in Figs. 5, 7, 8 and 9 are, however, markedly 
different, showing that the three belt fluxes differ not only in 
their maxima, but also in their wave form. Moreoverin order 
to estimate the amount of distortion in the belt oscillograms 
due to counter m.m.f., all of the oscillograms were repeated with 
only one-third of the resistance in the secondary circmt, so as to 
increase the distorting counter m.m.f. about three times. The 
upper curves in Figs. 7, 8 and 9 were taken with 0.2 ampere turn 
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of counter m.m.f., while the lower curves were thus taken with 
0.6 ampere turn of counter m.m.f. It will be seen that since the 
differences between the upper and lower curves in each case are 
not large, the differences between the upper curves and cor¬ 
responding curves unaffected by counter m.m.f. would be still 
less. 

As a further check on the belt oscillog:rams, they have been 
copied to a uniform scale, as shown in Pig. 10, and then combined 
by addition, as indicated by the small circles. The best represen¬ 
tative sine wave is drawn on the same figure for comparison, the 



th - 9 ft fi • a n A • analysis of flux waves in Fig. 11. 

= 36.6 sm 8 - 2.4 sin 3 0 - 0.8 sin 5 0 + 

4>m = 26.6 sin 6 + 0.8 sin 3 0 -f- 0.1 sin 5 ^ cos 3 - 0.4 cos 5 <? + 

= 53.2 sin 8 + 2.6 sin 3 5 + 0.5 sin 5 0 ^ “■ ^ ^ + ^*2 cos 5 0 + 


90 i-9m+9i = 116.4 sin 6 + 1.0 sin 3 8 -0^2 sin 5 8 + 

+ 1.7 cos 


+ 0.1 cos 0 - 0.04 cos 3 « - 0.1 cos 5 9 


8 ~ 0.14 cos 3 8 


■ 0.3 cos 

- .f.. 


in hamon?^ indicated 

throughout. It will be seS negligible 

tnple and a 12 per cent auintunlp "" a 17 per cent 

=e„, triple„n.plent Per 

tias an 18 per cent triple component. 
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In the summation of the three waves, the harmonics almost 
disappear except for a residual 6 per cent triple component. 

On integrating the curves of Fig. 10, so as to reduce the induced 
e.m.f.s. to their equivalent magnetic fluxes, the curves of Fig. 
11 are obtained. As naturally follows such a process of inte¬ 
gration, the resulting flux curves are smoother than the original 
oscillographic e.m.f. curves. The agreement of their sum with 
a sine wave is accordingly better. The largest belt flux is 
clearly the inner one <j)i. It would be expected that the outer 
belt flux should be the smallest; but as is shown in Fig. 2,the 
width of the middle belt was somewhat unduly small. Figs. 
10 and 11 are thus in substantial accordance with Fig. 5, in 
showing that the total flux through the core was sinusoidal, 
although the individual belt fluxes were far from sinusoidal. 

The corresponding Fourier analysis of the curves in Fig. 11 
appear beneath it. They are in substantial conformity with 
the e.m.f. wave analysis of Fig. 10. 

The results, appearing in the tables and presented graphically 
in Fig. 6, also indicate that the numerical sums of the funda¬ 
mentals of the three belt e.m.fs. are equal to the e.m.fs. of the 
turns around the entire core. Moreover in Fig. 6 the sums of 
the ordinates on the belt curves remain equal to unity through¬ 
out the entire range of averaged flux density. 

Reasons fop. the Distortions in the Belt Flux Densities 

It is well known that in the primary winding of an excited 
transformer under no load, the exciting current is non-sinusoidal 
when the impressed e.m.f. is sinusoidal; firstly because of the 
varying permeability, and secondly because of hysteresis. The 
current wave under ordinary conditions is peaked. An oscillo¬ 
gram of the primary current at 63 and 12,000 gausses (max. 
eye.) appears in Fig. 12, The peak is to be ascribed to the 
change of permeability of the iron during the cycle. Assuming 
a total flux that is sinusoidal, the exciting current at each mo¬ 
ment must conform to the 3C-(B cycle for the entire core. If the 
various belt paths in the laminae had equal lengths, they would 
share the flux equally, neglecting skin effects. Actually, how¬ 
ever, the inner belt paths are shorter, and. these therefore ten 
to carry a larger share of the flux. This in turn alters the 
reluctance, because the permeability depends upon the density. 
At low densities, the tendency is to increase the flux of the inner 
belt paths yet more, because the permeability at first increases 
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with flux density. At high densities, on the contrary, the 
tendency is in the opposite direction. Consequently, at low 
densities, the flux in the inner belts tends to be very different 
from that in the outer belts, as is shown by Fig. 6. At high 
densities, however, the permeances of the different belts are 
more nearly uniform, and the belt fluxes are nearly inversely 
proportional to the belt lengths. 

Effect on Belt-Flux Wave Form 
An examination of Fig. 11 shows that the wave form of 0*, 
the inner belt of flux, is flat by comparison with a sinusoid; 
whereas^</)o is peaked and (p^n is intermediate. It is evident 
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FIELD INTENSITY AT CENTER OF CORE IN GILBERTS PER CM. 
(ViX RMS Value for A.C.) 


Fig. 13 —Saturation Curves for x 5 Silicon Steel Obtained 
FROM A Laminated Annular Core—Inside Diameter 40.6 cm.—Outside 
Diameter 50.8 cm.—Laminations 0.0356 cm. Thick 


that (pi must be relatively flat from the curves of Fig. 6, which 
show that at low densities the inner belt carries an extra large 
share of flux, whereas towards higher densities this extra share 
is reduced. On the other hand, cpo must be relatively peaked 
because the share of the outer belt increases as the density 
increases. In Fig. 10 the conditions are inverted, the relatively 
flat belt flux give rise to a relatively peaked e.m.f. £,•; while 
the peaked <po gives rises to the flattened Eo. Moreover, the 
exciting current has its wave form determined by the total flux 
in the core, or the sum of all the belt fluxes. At the lower den¬ 
sities existing in the outer belt, this current will be too peaked 
and distorted to produce a sine wave of flux; so that the outer 
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belt flux wave will be correspondingly peaked and distorted. 
The conditions are just reversed in the inner belt. This ac¬ 
counts for the e.m.f. wave in the outer belt being so much more 
irregular than in the others. Again, the inner flux, being the 
largest of the three, has the greatest share in determining the 
exciting current, and so remains the smoothest. 

Saturation Curves 

Fig. 13 shows the saturation curve ABC for the whole core 
of 25 laminae, as deduced from d-c. observations with a flux 
meter connected to an enveloping coil of six secondary turns. 
The upper curve ab c represents the corresponding saturation 



GILBERTS PER CM. 

Fig. 14 

with 60 alternating current, multiplying the observed r.m.s. 
p>Timary current by v/2, to obtain the maximum cyclic magnetic 
intensity 5C. The observed e.m.f. per secondary turn was also 
multiplied by V2 to obtain the maximum cyclic kilogausses (B. 
Owing to distortion of the impressed e.m.f, waves from the 
sinusoidal form at high flux densities, the factor V 2 is evi¬ 
dently too low for 3C and too high for (B. It is supposed that if 
these errors did not exist, and that both 36 and ffi were sinu¬ 
soidal quantities throughout, the curve a b c, would coincide 
with the direct-current excitation curve ABC. 

Similar a-c. saturation curves at higher frequencies are also 
shown up to 7 and 9 kilogausses. It is supposed that these fall 
below the low-frequency curve because of skin effect. 
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The corresponding curves of reluctivity in the laminae, for 
different values of 3C, appear in Fig. 14. The reluctivity for 
direct currents is a rapidly descending line from 0 to 0.5 gilbert 
per® cm. It then becomes a steadily ascending straight line F G 
defined by the equation s'= 0.000 07 + 0.000 0723 JCoersted-cm. 
The apparent reluctivity for a-c. excitation, as similarly obtained 
from the saturation curve ab c oi Pig. 13, is the curve D E f r. 
As before, it is supposed that if there were no errors of distor¬ 
tion in impressed wave form, this curve would coincide with 
DEFG. 

It must be remembered that the reluctivity straight line 
■B F FGis & mean value obtained for the core as a whole. 

Outline Theory op the Radial Variation 
If each lamina has internal radius i?i cm., and external radius 
F 2 cm. and a thickness of k cm., then the reluctance (R of the 
lamina will be, in any belt of radius r and width <1 r, in tcrims 
of the reluctivity v, 


(R = 


v-2Tr 
h • d r 


oersteds ( 1 ) 


bdfwin b?^^ direct-current m.m.f. of fF gilberts, the flux in this 


But 

so that 


dcp = -l- = ^-h-dr 
® V ■ 2 Trr 


SF = 2 TT rK, 


d<P = - h - d 


maxwells ( 2 ) 
gilberts (3) 
maxwells (4) 


The total flux in the lamina will then be the i 


/ Ri 

■ 


3C 


integral of this, or 


maxwells ( 6 ) 


pp. 486-63^3. 1891 

Materials.” by J. D. Ball, 

Apnl, 1916, pp. 459-504. ^ Franklin Institute, VoL 181, 
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If V were directly proportional to or ii v = b oersted-cm, 

then </> = /^ ^ {R 2 — Ri) maxwells (6) 

Ri 

This would mean uniform flux densities in all of the belt paths 
and the absence of all radial distortion. But the reluctivity is 
not directly proportional to X. As we have seen for this par¬ 
ticular quality of steel, below 5C = 0.5, v = 0.0007 — 0.001 5C 
= ai — &i5C, and above X = 0.5 

p = 0.000 07 + 0.000 0723 X = a + 6 X oersted-cm. (7) 

The effect of this constant teim. a<or ai in the reluctivity is 
therefore to make the belt flux d (pr at radius r in terms of the 
local magnetic intensity 5Cr and flux density (Br 


d <pr 


i5(Lr-h‘dr 
Q,-\- h Xr 


= /2 • (R>r‘dr = 


^ 'h'dr 
2 TT Y a + h ^ 


maxwells (8) 


The d-c. distribution of flux density for a given value of will 
thus necessarily vary with r, and will tend to be greater on the 
inside. 

We may define the flux-density distortion in a lamina as the 
difference between the innermost and outermost densities (Bi ~ CB 2 
divided by the flux density (Br at the geometric mean radius R 
That is, if R is the geometric mean radius, 

R = =^nRi= Ri/n cm. (9) 

where n is a numerical ratio, such that R^ = Ri 
It then follows from (8) that 


(Bi ~ (B 2 
(Br 




a't' b Xr 


(a + J w 3 Cr) ~ 

i_'\ rs_ numeric (10) 


Since approximately ViVi - v r 


(oersted-cm.)Kll) 
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the distortion is approximately 


«1- *2 




ntimeric (12) 


The quantity 


n -- 

n 


R2-R1 


numeric (13) 


or IS the ratio of the width to the geometric mean radius of the 
lamina. We may call it the width-radius ratio. In the lam¬ 
inae tested, the width-radius ratio was = 0.223(5 Conse- 

V 80 ’ ' 

quently to the degree of approximation represented by (12) the 
ux-density distortion in a lamina subjected to any continuous- 
current m m.f. is equal to the width-radius ratio times the ratio 
of the reluctivity constant e to the total reluctivity at the 
geometric mean belt R y ^ ^ 

alrtidyieen.*^^ flux-density distortion disappears, as we have 

lfb = 0, so that the reluctivity is independent of the excita¬ 
tion, (12) becomes —1~ _ 

\ «/’ distortion is 


numericahy equal to the width-radius ratio. 

tion themwT’ density, towards satura- 

•iisappea” ^ distortion nearly 

distortion to contSSio m ; T T* ” 

■''■'■“-ty. beio„ 

so that over this ranve of TC rcT • ^ exceed unity, 

than the n«th,2s . a "■ 

several times greater. ’ Particular cases, may be 

lamina must be cut from a cvlind f°’ rneuns that the 

of metal. In the ordinary case ora^fll/^ cf from a flat sheet 

distortion diminishes as the mean radius stamping, the 

luean radius is increased. When it 
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is desired to measure the magnetic properties of the steel with 
considerable precision, the width-radius ratio should be kept as 
small as possible, otherwise the mean apparent permeability of 
the steel at any given intensity 5C, as derived from the joint 
behavior of all the belts in parallel, will differ from the true 
permeability in any one belt. The error tends to be greatest 
at low densities referred to the descending branch of the v — ^ 
graph, and diminishes towards high densities. 

The authors are indebted to the American Telephone and 
Telegraph Co., under an appropriation from which the investi¬ 
gation was carried on. They are also indebted to Prof. C. A. 
Adams and to Mr. R. Eksergian, for valuable suggestions during 
the work. 

Conclusions 

(1) As has already been noted by several writers, the flux 
density differs in different belts of an annular steel lamina, 
under a circumferential impressed m.m.f. from a distributed 
toroidal winding. The phenomenon may be described as radial 
distortion of flux density. 

(2) The distortion occurs both with continuous and alternat¬ 
ing m.m.fs. It may be very marked at low densities. At high 
frequencies, flux-density distortion is complicated by skin effects. 

(3) With alternating m.m.fs., a distortion is effected in the 
alternating magnetic wave form, as well as in the maximum 
cyclic flux density. Each belt has its own density, and its own 
wave form. The total flux in the lamina being, say, sinusoidal, 
the individual belt fluxes will be non-sinusoidal. The external 
belt fluxes have, in general, the most distorted wave forms. 

(4) The magnitude of flux-density distortion may be defined as 
the difference between the inside and outside flux densities,divided 
by the flux density at the geometrical mean radius. In the case re¬ 
ported, the observed a-c. flux-density distortion was approxi- 


mately J' — = low densities. 

(5) The magnitude of flux-density distortion depends upon 
the width-radius ratio of the lamina, or the wndth of the lamina 
divided by its geometrical mean radius. In the case reported, 
this ratio was 0.224. The smaller this ratio, other things being 

equal, the less the distortion. _ 

(6) For a given width-radius ratio, the flux-density distortion 
depends, to a first approximation, on the ratio a/v of the constant 
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reluctivity term a to the total reluctivity p in the geometric mean 
belt. Over the ascending straight range of the reluctivity-intensity 
p -- 3C graph, this ratio is less than unity, so that, at least in the 
continuous-current case, the distortion will be less than the 
width-radius ratio over this range (above 3C = 1 in the case 
reported.) On the descending branch of the p — ^ graph, the 
ratio a/p will be greater than unity, so that at low values of 
JC and (B, the distortion is likely to exceed the width-radius 
ratio (below 3C = 1, (B = 6000 in the case reported). 

(7) When the magnetic characteristics of steel laminae are to 
be measured with precision, small width-radius ratios should be 
used, in order to avoid errors due to flux-density distortion. 
Strictly speaking, curves derived from annular laminae are all 
subject to distortion errors, especially at low densities. 

(8) The eddy-current losses occurring in annular laminae 
under sinusoidal a-c. excitation are exaggerated by the presence 
of harmonics in the various belt fluxes. 


List of Symbols Employed 
a, h Reluctivity constants for a sample of steel. 

(B flux density in steel, (gausses, or maxwells per sq. 
cm.) 

maximum cyclic flux density in steel (gausses). 
(^m (Bo flux densities in inner, middle, and outer belts 
of a lamina (gausses) and in alternating-cur¬ 
rent cases maximum cyclic gausses. 

(B< flux density in a lamina averaged over the entire 
cross section (gausses and in alternating-cur¬ 
rent cases maximum cyclic gausses). 

®i ®2 Sr flux density at inner edge, at outer edge, and at 
geometric mean belt of a lamina, respectively 
(gausses, and in a-c. cases, maximum cyclic 
gausses). 

-E electromotive force induced in a winding (volts) 

ST magnetomotive force applied to a lamina cir¬ 
cumferentially (gilberts or c. g. s. magnetic 


3C 

3C, 

h 


magnetic intensity or magnetic force in steel 
(gilberts per cm.) 


o----- XU a lamina at belt of radius 

r (gilberts per cm.) 

wdth of a lamina measured along any radius 
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n 

V = a + 6 X 
Vu ^' 2 , 


4> 

4>r 


(R 

r 

Ru R2 


R - Vr,R, 


I 


ratio of geometric mean radius to inner radius 
of an annular lamina (numeric). 
reluctivity of steel (oersted-cm.) 
reluctivity at inner, outer, and geometric mean 
belts of a lamina, respectively (oersted-cm.) 
total magnetic flux in a lamina (maxwells). 
magnetic flux in a belt of a lamina at radius r 
(maxwells). 

magnetic fluxes in the inner, middle, and outer 
belts of an annular lamina, respectively 
(maxwells). 

reluctance of a belt path (oersteds.) 
radius of an annular belt (cm.) 
internal and external radii of an annular lamina 
(cm.) 

geometric mean radius of an annular lamina 
(cm.) 

summation sign, Z angle sign, sign for cycles 
per second. 
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Discussion on “Phenomena Accompanying Transmission 
With Some Types of the Star Transformer Connec¬ 
tions” (Robinson), and “Magnetic Flux Distribution 
OF Annular Steel Laminae ” (Kennelly and Alger) 
New York, N. Y., December 14, 1917. 

B. A. Behrend: My first acquaintance with the phenomenon 

^^ennelly and Mr. Alger deals was 
in 190^, on a very large scale, indeed, in designing a large two- 

Pf ^ correctly, the inside diameter 

01 tnat rnachine was approximately 20 in. (50.8 cm.), and the 
outside diameter was approximately 60 in. (152.4 cm.). It 
being a two-pole machine, the difference between the len'^th of 
paths immediately at the bottom of the teeth and 
near me outside of the punchings was considerable 

provided exploring coils, using how- 
fha i- ^°frneter for the indication of the flux, and not going to 
We investigating the wave form of the induced^e. m. f 

fnlhT . punchings m such a manner that an air-gap was 
formed between two contiguous punchings in the same laver 

tfcexlt the o°ur-f ^rid 

SrequS^^^^^^^ t?eTS:;.ho?d"o1 So 

tSouS die iro? difference m length of the paths of the flux 

el £-e - f 

ph(esSa° eidV”'*»» “"ity of 

experiments carried on bfift ^he 

nection with telenhone ev£ • ^Whors on a little toroid in con- 
in the laro-est and mnct P®''™®uts have found their counterpart 

the turboifternato^^ ^l^^^ric machinW, 

teiSSi-us?^bnheSws“^^^ P^P^^^ ^ to the 
to give names to units thus tendency 

puzzles to the attentWe creating 

the “maxwell,” the “gfibert ” "oersted,” 

needed.^ The answer^to thN iff’’ these names really 

temporaries in England leader^; “no/’ Our con- 

they have been, have recentlv voiced of our science as 

through Mr. Alexande?RussK f Tf ^^rs score 

The author is hampered by his lova/fd/^“^ quotation; 

clatime list published W the Am W nomen- 

For instance, he calls the unit of the flii/ ®^®r;trical Engineers, 
the maxwell, and the unit of maaLu .£”^^?netic induction 
gauss. We deduce also that a eaufs i^’n “duction density the 

metre and a maxwell per square centimeM?^ 

n.iineTre. it seems to us that 
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there is a quite unnecessary dragging in of the names of great 
men of science, especially as the definitions are frained on the 
assumption that permeability is a simple numeric. 

Maxwell would not have admitted this assumption. The 
American gauss is the unit both of magnetic induction and of 
magnetic force. Many physicists consider that magnetic induc¬ 
tion is caused by magnetic force just as strain is caused by stress. 
The assumption that cause and effect are measured in the same 
unit is unjustifiable. In our opinion the practise of christening 
units after the names of men of science should be adopted only 
very sparingly. The watt and the joule are well nanied, hut we 
deprecate the growing use of the kelvin for the unit in which 
electrical energy is bought and sold. Those evil-sounding words, 
also the abohm, the abampere, the abfarad, used by Americans 
are almost libellous to the great men whose memory they are 

supposed to keep green.*' ^ i r 

I urge a sympathetic consideration of these remarks ot our 

noted contemporary across the Atlantic. 

L. W. Chubb : The paper by Dr. Kennelly and Mr. Alger gives 
interesting quantitative data for the flux distnbution in annular 

For some years we have made similar tests regarding the flux 
distribution in roctanfular torts built mth and ^ 

shaped punchiixgs. This is, of course, the more important 
conomercial problem and difficult to obtain except t'y T 

case for the annular punchings treated experimentally by the 
authors is more simple and neglecting the eddy <=™ts 
damp the flux, has been worked out approximately by graphical 

“TOftho straight and 

tspedril. a. the 

“^ThfSSr bTlSr. Robinson discloses novel phenomena and 
gives an explanation “®;ne%ibjecrsomTS^ 

and I hoped that the present 

that the harmonic components ot the excixing 

wattless. .,. 1 . j+„ ootr what pomoonents of current 

I don’t think that It IS hard f ^harmonic 
are wattless and winch are ^^t, if ^ wattless current is 

variation of flux. 'ncr^ comolete cycle of the funda- 

that the net work as well say that the funda- 

mental, is zero. The ^ current is not wattless. 

of the srue corupohent. The 
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difference is that the work done during part of the cycle is stored 
energy and returned during the rest of the cycle, giving a net 
work of zero. The author also distinguishes between the sine 
and cosine components of the harmonic currents saying that 
only the former are wattless. Both the sine and cosine coni- 
ponents are wattless taken for a complete cycle of the funda¬ 
mental, but both are watted instantaneously and the one which 



he calls the wattless component is really the one whirh 
greatest work instantaneously. One dlstfiicSn ^ ® 

however, by saying that, with a sine vSSon S flJl 'r T’ 



Pig. 2 




and current, is plotted with between flux 

can be divided into twrsLila, TWshssajous figure 

containing all of the sine anTl Fig:. 2a and Fig. 3b 

of the current wave. If we alumeT “™P°^ents respectively! 
can be separated into the lissaioufLt Pig- 2 a 

5A the relation between the fl/’ show- 

oth. etc. sine components of current. ^ ^ 
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Fig. 3b can similarly be separated into the components Bu 
Bb, Bz, etc. showing the relation between flttx and the cosine 
components of current. In each of the component figures of 
Fig. 2 it is at once evident that the net work done during a com¬ 
plete cycle is zero because the curve retraces and encloses no 
area either positive or negative. The component curves of Fig. 
3 do enclose area but the net area of all except is zero. We 
may say then that the area of the hysteresis loop in Pig. 1 equals 
the area of the loop of Fig. 3b, which contains all of the cosine 
components of current, equals the area of the ellipse in Fig. 3 
due to the energy component of the fundamental current alone. 
It is of course, well known that the net area of such figures is 
proportional to the work per cycle for 



Fig. 3 


It may appear from the figures that the author is correct in 
saying that the sine components represent variations hi permea¬ 
bility and the cosine components represent hysteretic lag (and 
lead). Apparently, this is correct with a sine wave of flux but 
with a distorted flux the components in Pig. 2 as well as those of 
Fig. 3 will enclose area, and will or will not have net area de¬ 
pending upon the phase, order and magnitude of harmonic 
components of flux present. 

We cannot say that the medial line of the hysteresis ^loop, 
due to the sine components of current, represents the variation 
in permeability or the sum of the cosine component represents 
hysteresis until we can prove just what proportion of^ the^ in¬ 
stantaneous power at different parts of the loop is going into 
Joulian heat and what proportion is being stored magnetically. 
The harmonic variation of temperature rise in cyclically magne¬ 
tized iron would tell this but because of the relatively high ther¬ 
mal capacity of the iron the cyclic variations of the growth of 
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temperature are too small to be measured accurately by any 
means which we have considered. ^ ^ 

I would Hke to refer to the resonant condition in the star-star 
system with the supply side grounded. If in one transformer' the 

+V,' 'voltage is zero and a reversal takes 

p ace at the retentivity point of the hysteresis loop of the trans- 
ormer under question, because it can do so with less expenditure 
instant, why does it continue in this reversed 

fnu^ild f transformers to keep it in this condition? We have 
of fyolic magnetization that the flux varia- 
f adjust themselves so as to require the 

energy but in the author’s explanation more 
rereSd transformed 

itlpSiiSSSSli 

isi!isip5".pE5 

would also exist at the mean dfar^t 
have indicated that this Cld n^t £' the'''' 

meanflux would be shghtly inside df the d? J®’ fbe 

losses shghtly lowered bv thrr-r -^ diameter and the 

volume) running at an induction hi^he ^th^ fbe rings (of smaller 
outer half (larger vo W) rtmd W the mean, and the 

the mean. This effect is moreXfn fban 

eddy currents producing skin flux anH^V oases due to 

I would like to ask and higher losses. , 

analysis and the curves of Pi^^^lQ oyblograms, 

proper time axes. It seems tn ™^de with the 

trom right to left for in Pig n you wil'f* should progress 

of flux in the outside sectinris 0 /°^^ notice that the growth 

Prof. KenneUv spoke orusln^^^^^^^ be retarded 

dncal form, so as to have the rati'o'^nf “ o;ylin- 

small, to equalize the flux distributiodf ^aside radius 

be amiealed after formino- for r\i-h * ’ i ^ sample should 

daced wffl affact oSv **■' *fr«ns P„ 

^he annular punchin^s ^inequal 

Jith silicon steel if a punching affect it. 

bent with a, cun^ature of 6 deg. oer inch"+h is 

P®^ ^nd tiie^excitinv hysteresis loss will 
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tion of punchings changes the shape of the loop in such a way as 
to increase all of the harmonic components approximately 
equally in magnitude and produce a phase shift. 

I would like to suggest that Dr. Kennelly repeat the tests 
without the paper between punchings. In this case the eddies 
between plates greatly increase the skin flux and instead of just 
adding a wave of energy current in phase with and of the shape 
of the voltage wave, as generally supposed, the effect will be ap¬ 
proximately a percentage increase in the current wave at all 
parts of the cycle just as though a greater mass of iron operating 
at the same induction had been added. We once made such a 
test on two large transformers of the same design, one of which 
had unenameled punchings. The losses and exciting current for 
the unenameled core were increased 100 per cent but the increase 
of current, instead of being an addition of mostly fundamen"^! 
current in phase with the voltage, was double throughout the 
cycle just as though two transformers similar to the enameled 

one had been tested in parallel. i ^ • 

A study of the three-phase transformer core has been made m 
a manner similar to that given by the authors. Instead of the 
flux waves in the partial sections of the core coming out as 
expected, as in the case of the single-phase core,^ some very 
strange flux-time distributions have been found which we h^"^^ 
not been able to explain. Strange to say, this is a case in which 
the flux distribution is not such as to give the minimum loss. 

V. M. Montsinger: Mr. Robinson’s paper is a very interesting 
one to me because about three years ago I made tests 
much the same conditions as he describes, although the tests 1 
made were entirely in a laboratory way. The results of these 
tests were given in a discussion of a paper—Transformer Connec¬ 
tions, presented by Mr. L. F. Blume,"^ ..it ^ ^ 

I shall review briefly the conditions under which I naade these 
tests and shall compare some of the results I obtained with 
those obtained by Mr. Robinson because my results do not bear 
out some of his conclusions. I have special reference to the state¬ 
ment or conclusion that it is the even and not the odd harmonics 
that are the cause of all the trouble in practise, when operating 
transformers connected YY with the line side grounded, and also 
to the violent internal vibration in the transformers, which he 
attributed to one leg of the transformer bank being reverse . 

Referring to Fig. 4, which shows the connections of the 
generator and three 5-kv-a. single-phase transformers, for my 
test it wall be seen that the generator and the primary side of the 
transformers were Y-connected, the secondary side being de ’ - 
connected with one corner of the delta 

ing of the third harmonic exciting current demanded by the 
trLsformers. It is obvious that by connecting the secondary 
side open-delta, it was possible to observe across this 
the third harmonic voltage or multiples of th e third. Oscillo- 

*Trans. aTI. E. E. 1914, Vol. XXXIII, Part I, p. 779. 
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grams were taken of both the voltage across the transformer le^s 
and across the opening in the delta under different conditions 
these oscillogranas showed the presence of marked third but no 
even harmonic voltages, first without, and second with sufficient 
capacitance, across either the legs of the transformers or across 
the opening in the_delta,_ to cause saturation of the transformer 
iron, consequently intensification of the higher harmonic voltages. 



Generator Transfornners 

Fof Generator and Transformers 

for Making Third-Harmonic Voltage Tests. Arrows Show 
Direction of Triple-Frequency Volts ^^-RRows show 


Kg. 5 shows the third-harmonic voltage in joercentage of the 
fundamental voltage with and without capacitance supplied to 
the transformers Without capacitance if will be noted that 
around the usual working density of the transformer iron, the 

cent of the funda¬ 
mental. With capacitance supplied it is interestingjto note that 



SddSll W per sq. in. the third-harmonic voltage 

on fiSher ^^e fundamental and 

voltaee decreased generator voltage the third-harmonic 

tance mn^ stilfwt^^'^ ^ without the capaci- 

a-e across dm iw generator voltage, the volt¬ 

age across the opening m the delta again rose to a peak and de- 


1917] 


DISCUSSION AT NEW YORK 


1139 


creased again. This happened for the third time. It will be 
noted that each time the peak voltage occurred across the open¬ 
ing in the delta its percentage of the_ fundamental decreased. 
This would be expected because if the iron were fully saturated 
with fundamental flux it would not be possible to impose a ot 
other frequencies. In other words, the lower the normal flux 
density of the iron, the greater the danger from excessive ^^tages 
of higher frequencies, providing of course there is sufiicient 
capacitance present to start building up the voltage. _ , 

Now if the core density is exceedingly low it may be impossible 
to produce by capacitance intensified third harmonics. 

Mr. Robinson states that when he had either the dTa or ou 
kv-a. transformer connected to the 37-mile transmission in^ 
he imposed only | excitation voltage on the transformers, yli^ch 
means that the iron density must have been 
neighborhood of 20 (or less) kilolines per sq. in. The ^ ^ 
to Imphasize is that Mr. Robinson had a very low core density 
and a large (relative) capacitance—a condition which is seldom, 
if ever had in practise. It is possible that had 
iron been fairly well saturated before connecting to the trans¬ 
mission lines tye effect of the capacitance 

been to produce the third-harmonic voltage that I J 

that there would not have resulted the phenomenon of one 1 g 
of, the transformer bank being reversed. un- 

While the above phenomenon is no doubt possible under un 

usual conditions yet I do not think it is 

in practise. In other words the above is probably the exception 

^^In^re^garVto the internal vibration of the transformers whi(± 
Mr. Robinson speaks of, I would like to quote one sentence fio 

my discussion in 1914 referred to before. rnarked 

‘‘At these peaks (referring to Fig. 5) .a^ter the ^t a marked 

humming sound in the transformers 

quency was higher than a triple harmonic-probably ^ 
{hereof.” This sound was more violent at the third than at t 

'^Mr^Sflnson attributes these violent internal vibrati°^ ^ 

the fact that one leg of the transfomer the 

auently over magnetizing the other two legs. Had one leg ot me 
transformers when connected Y-open-delta been reversed, the 

voltage across the opening in the delta J^y^mesrvSlent 

times the value shown in Fig. 5 thus it 

internal vibrations are produced for conditions other than wnen 

^^UrfOTm^Sy the oscillograms of the Jg^gf^pemSd 

ing in the delta did not prove of any value f.f 1 ^hese 

so it is not possible to say at the presen i freauency 

vnltaves were of triple frequency or multiples of triple ireque y. 
It is hSeTS make additional tests to determine more definitely 
whit is haSeTng when these peak voltages occ™ .across the 
inX S and there is this violent internal vibration. 
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A. S. McAllister: I ask whether or not the phenomenon 
disclosed by the tests performed by the author could not be re- 

wound with a different number of turns connected in series 
traSormer ? recording instruments being placed across each 

nf If the conclusions, at the end of the paper by 
P ;/i H."'- phenomenon is described as 

^radial distortion of flux-density.” I am wondering if the word 
^ distortion was not intended to mean “distribution.” The case 
IS quite analogous to the distribution of currents in a torus 
subjected to a constant e. m. f. If we take an ordinary annulus’ 

applied to it, and a current passing 
i there will be a condition of inequality of distribution, 
because the conductor filaments subjected to the e. m. f. differ 

n"? the outside, and the density 

thaTJtg^e^ter at the inside 
nmv be looVeJ®distribution of magnetic flux 
^ f substantially the same as the 

valSs * Tf'wft ^ consider instantaneous 

• ^;i, ^ instantaneous values instead of taking cyclic 

of considered in the paper, then, at any instant 

and^e assume the magnetic permeabiHty to be constant, 

consideri^ f ■ f ■ ®' reluctance which may be 

flyy ^ constant, and which produces a certain magnetic 

very similar”fo^2^°^°^® magnetic flux would be 

conduction fl!? instantaneous value of the electric current- 
e. m f ^ subjected to a constant 

' 4 . equations, which are very simple 

?2hde annulus and of the^latte?as 

a whole, under those conditions wiU vary, and that in its deter- 

diamete^’of the iSe^to tSt of 

Stter to U.0 if ^°^id be 

p2?that to tl r 1 distribution of the flux.” Now, sup- 

?ariatioO^’i-n liOOf a lump, a hole, a flaw, a 

variation in homogeneity, or in annealing, or in anythin^ that 

circumstances L can 
conceive there would be a change in current, and that kind of 

the cwenr®^ In distortion of ■ 

to gS absolutSv Oitof magnetic substances, it is difficult 
tiu pr aosoiutely uniform permeability throughout and i*c: 

tiS'^thS'^iXed^su^^*-'^® fi'® phenomena 

flvSdenfltv S differences of 

wTitoSt have ’al2n dW of distribution, and 

reticallv wp W, f^if^^aces in flux due to distortion. Theo- 

has ever succeeded in constractinnSch £ ?ppaStus to ^dflch 
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there was no external magnetic field; and, in looking about for 
an explanation of it, we are led to conclude that the explanation 
is to be sought for in differences of magnetic permeability or in 
differences of molecular structure, or other changes of that Mnd 
which depart from the ideal conditions to such an extent that 
there are localized disturbances, localized closed magnetic cir¬ 
cuits, so to speak, interfering with the flow of magnetic lines of 
force through the circuit as a whole. For that reason, I think 
it would be interesting to make a distinction between distortion, 
and distribution or density of flux, in the definition of the trae 
phenomena, and then to undertake, by experiment, if possible, 
to segregate the two things. 

A. M. Dudley: Mr. Behrend has asked me what effect, in 
my judgment, would the flux distribution in the core, as found 
by Dr. Kennelly and Mr. Alger, have upon the irqn loss in induc¬ 
tion motors. This with particular reference to high-^^d 
motors having deep cores. In this connection I should like to 
call attention to some facts brought out by Mr. Lamme m h 
paper on iron losses at Schenectady a year or so ago. In nduc- 
tion motors in particular the vanation in iron loss due to tne 
processes of manufacture are extreme. This is so much the c^e 
that two machines built to identical specifications from the same 
lot of iron and at the same time may vary in f 
per cent or more. It has been proven by test that bending 
famination or core plate sheet 0.017 in. thick in an arc of a 
circle whose curvature is 6 deg. between tangents one ii^^h apart 
will increase its iron loss by as much as 25 
lating iroa losses it is customary to 

primary core and the primary teeth and to this to add the s 

called pole-face losses due to high-frequency 

magnetic field caused by the slot opening - To the sum ot 

these various losses is added an item to take cme of 

minate losses from various causes so that the 

several times what would be its value calculated from the volume 

of the iron itself and curves based upon Epstein samples. Sm 

this is true it is very difficult to segregate 

with anv considerable degree of exactness. These commercial 

asked by Mr. Behrend. I had intended to “k autocns the 
qatne auestion and will do so now. I believe it woifld be very 
interesting if Dr. Kennelly would tell 

led up to this investigation and give us his ideas as ™ the eite 
of the flux distribution described upon the iron loss of a-c. 
gener^or^^and motors.^o Robinson is right 

in his conclusiol that the f ®^f®r ^Ld^f tofthiJd 

single-phase VTsoSfoScS^^^ 

harmonic, are due to some otner cause. conditions 

when such transformers are operating h^der normal conamo 
of load and excitation that third-harmonic voltages do exist 
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way that is easily predicted. This is supported by any amount 
of experimental data. Mr. Robinson’s views on the third har¬ 
monic are not justified by the data contained in the paper. 

The reason for the third harmonic is, of course, well known. 
If a sine-wave voltage is applied across a coil with an iron core, 
the magnetizing current will not be a sine wave but a distorted 
wave. This distortion is principally due to the variation of the 
reactance, as the permeability changes with the flux density. 
On account of the inherent characteristics of the iron, the greater 
part of this distortion is a third harmonic. If some 'means is 
taken to prevent the third-harmonic component of the magne¬ 
tizing current from flowing, the voltage across the coil cannot be a 
sine wave but must be a peaked wave containing a third-har¬ 
monic component. This very condition obtains when these coils 
are connected in Y to a three-phase circuit, for the following 
reasons: The three triple-frequency currents flowing to the 
neutral must be 3 X 120deg. apart or in phase. Fundamentally, 
the sum of three currents flowing to a point must be zero. The 
sum of three currents in phase can only be zero when each cur¬ 
rent is zero. The Y connections thus suppress the third-har¬ 
monic components of the exciting current. The voltage from 
neutral to line must thus be peaked. The distortion is not noted 
by a voltmeter since the effective value is not much changed, 
but may be measured by a sphere gap. The voltage distortion 
disappears as soon as the triple-frequency component of mag¬ 
netizing current is permitted to flow. This component can flow 
if three single-phase paths are supplied by connecting the neutral 
of the Y to the neutral of a Y-delta transformer on. the same 
system. If these transformers are grounded, the triple-frequency 
currents circulate in the ground and cause telephone troubles. 
If there are secondary windings in the transformers, and these 
are connected in delta, there is no distortion since the triple¬ 
frequency component can flow around the delta and this excita¬ 
tion is supplied from that side. Three-phase core-type Y-Y 
transformers have no appreciable triple-frequency component; 
it is taken care of in the magnetic circuit. 

When the neutral is grounded and the triple-frequency current 
is Suppressed, the maximum voltage between line and neutral is 
increased about 40 per cent. When certain capacity is connected 
to the transformer, as for instance, sections of transmission lines, 
the maximum may be as much as three times normal. The dan¬ 
ger may thus be increased if certain values of capacity are con¬ 
nected to the transformers. If the neutral is not grounded, it 
must wabble, and a voltage appears between neutral and ground. 
The insulation strains are, however, less than with the grounded 
neutral. 

There is much of the discussion in Mr. Robinson’s paper that I 
cannot follow, and many of his conclusions,; are not at,, all sub¬ 
stantiated by the experimental data given in the paper. What 
experimental data are given does not apply to transformers.opeira- 
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ting under normal conditions. The oscillograms were made on 
10~watt transformers overdoaded and under-excited. It is not 
well to attempt to draw broad conclusions from such data. 

Mr. Robinson undoubtedly has observed some peculiar phe¬ 
nomena that may occur under abnormal conditions of excitation, 
load, etc. that are worthy of further experimental investigation. 
It is, for instance, possible to get a leg reversal in certain trans¬ 
former connections during a ground or short circuit. The 
oscillograms on the abnormally operated 10-watt transformers 
do show an even harmonic; the reason for this should be further 


investigated before broad conclusions are drawn. 

C. O. Mailloux: I would like to ask the authom of the paper 
if they have made experiments to secure a comparison of the flux 
density in the inner belt and the outer belt, as a function of the 
cycle, taking and plotting cyclic time, or angle, and finding 
out how the flux-density varies at different parts of the cycle. I 
should expect that the ratio would change greatly as the mag¬ 
netic flux increases during the cycle. I would like to ask if they 
have made experiments by the stroboscopic method, which woula 
throw much light on the manner in which the magnetic nux- 
density increases outward, from the inner to the outer circle, 
causing the belt of mean flux-density to shift from a point near 
the inner circle to a point near the middle of the ring. 

George B. Thomas: I would like to ask one question in re- 
eard to the paper by Dr. Kennelly and Mr Alger. As to the 
distortion, as they call it—the distribution of the flux, as I read 
the paper and have listened to the discussion—it seems to me 
they only took an oscillogram for one section i 

believe it would be easy to use a three-eleinent oscillograp 
and take the whole three at the same time and compensate for 
anv distortion due to the current in the exploring coil, it 
that was done it would show definitely whether there was any 

dis^o:^o There are two kinds of simple oscillating sys- 

tcmsind SSint circuits, one in ‘‘“SSTnci 

11 dependent npon the amplitude. This j g 

<) and 7 In Fig. 6 the mass M is attached to tuo lo g 

the rSht 5h"hf 

force of a certain frequency iviU cause 

M to vibrate vertically with simple harmon • „f n closed- 

F°g 7 shows another oscillatory system of a closed^ 

end cylinder in which the piston P in this case 

the end of the cylinder The curves 

is not a straight line but is ““Py^f+ al frequency dependent 
of the air. Such a system has a at any fre- 

upon the amplitude of vibration and amplitude 

quency within a given range, provided it is given an a p 

of the proper value to lock it into step. 
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If we assume that mass corresponds to inductance and the 
elasticity corresponds to capacitance, the two systems represent 
pretty well the two kinds of oscillating electric circuits, the first 
with air-coil inductance having a single frequency and the second 
with iron inductance having a period dependent upon the ampli¬ 
tude. The analogy is not correct as in Fig. 7 the capacitance 
decreases with amplitude, with constant inductance, while in the 
electrical circuit the inductance decreases with amplitude with 
constant capacitance. Since, however, the product of the two 
variables gives a similar result, the effect is the same. 

The relation to the phenomena noted in the paper is this. 
When the transformers are thrown on the circuit the unsymmetri- 
cal transient flux in the transformers which starts near zero 
voltage reaches sufficient amplitude to reduce the inductance to a 
point low enough to resonate with the line capacitance. This 
resonance then continues with the transformers operating at the 
high induction, the high voltage being supplied by a phase shift 
of voltage and possibly the reversal of the third transformer, as 



Pig, 6 



Fig. 7 


indicated in Mr. Robinson's diagrams. We have produced such 
resonance and^ taken several oscillograms of the effect on single¬ 
phase circuits in which a condenser was connected across a trans¬ 
former and there was a damping impedance in series with the line. 
We were not able to obtain stable resonance except with re¬ 
sistance in series with the transformer winding. However, the 
other transformers, with their losses connected in series, may 
produce a similar effect in Mr. Robinson’s three-phase case. 

It is unfortunate that Mr. Robinson did not take more oscillo¬ 
grams and include the voltage waves of the three transformers 
so that the phase and magnitude of each could be known. The 
current waves in the type of resonance which I have described 
took the form of an almost perfect triangle instead of showing 
many inflections as in Mr. Robinson’s case. The difference may 
be due to the polyphase connection and the presence of saturated 
iron. 

P. L. Alger: It is shown in Table III that nearly all voltages 
were naeasured by the potentiometer, and the voltages are all 
nearly in phase, and only differ by a maximum of a little over 4 
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deg. We found the angles, not accurately enough to get rela¬ 
tive power-loss results, but they do indicate a different power loss 
due to each flux. It is evident in every case that the nature ot 
the flux determines the loss of phase, being so nearly the same as 
that of the total as to make no difference. ^ ^ ^ ^ 

Mr. McAllister called attention to the fact that three trans¬ 
formers connected in seiies present the same phenomenon, it is 
precisely the same phenomenon, and might be used to clear the 
Object of some of the' difficulties. In both the cases of the 
laminated core and of the three transformers, the current is the 
same for each component magnetic circuit, and if the flux densi y 
is the same, the permeability is also the same, so that the only 

-n 4 TT jU NI 

other factor in the magnetic-circuit equation 15 ~ ^ 

is the ratio of the number of turns divided by the length. In the 
case of the variations in conditions between sections of the lam¬ 
inated core, the length of the path changes the conditions In 
the case of the three transformers in senes, changing the num 
ber of turns on the three would give us the . 

conditions of the three magnetic circuits and I sho^d think that 
the losses and the permeabilities would follow in the same rela¬ 
tion as we observed in the laminae. of flip 

I think Mr. Mailloux, when he mentioned ^e 
ratio of the flux, raised an interesting point. Fig. 11 shows v^at 
I understand he desires to know, for one maiamum ™ • 
flux in each belt is shown at each instant of the cycle, and by 
giving the ratios of the ordinates in the three cores at each instant, 
Te could see how the flux spreads from the inside to the outside 
of the arrangement during the progress of ^ I 

ratio of the flux in' the strongest to that in the weakest beh is a 
function of the time of the cycle. That would show how the 
density of the flux spreads outward. We only 
with one particular flux density, and .in f se, at ^ 

ginning of the cycle, the flux in the inner part of the core is 
much greater than in the outer two parts, so 

flux does change in proportionate distribution J 

increases. A three-section oscillogram would have sho-vra fhe tag 
distortion very well. Such a one might of 

one thought of using that Particular scheme, and the met 
changing the dampiiig was considered to be sufficient proof th t 

no particular distortion was present. with 

A. E. Kennelly: Electrical engineers are faimliar with 

even harmonics in the e. m. f. wnves of a-c. sc^c^a ors 
induction-coil type. We know that when “^o the 

recorded in an oscillograph, is the Lga- 

yero line so that the positive half-wave is the image m tne nega 

S hall’wair^thLpect to .hat ™ 

harmonics. Per contra, the cntenon of existe^J “ 
harmonics is a dissymmetry between the 4- and 



1146 


FLUX DISTRIBUTION 


[Dec. 14 


When a Ruhmkorff induction coil is operated by a voltaic cell, 
through a vibrating-spring interrupter, we know that the half 
wave following the break circuit is quite different from the half 
wave which contains the make circuit, showing that even har¬ 
monics are present. In general, whenever magnetic flux is 
cyclically thrown into and out of an electric circuit, if the process 
of linking is not symmetrical with the process of removal, there 
will be dissymmetry between the -f- and — half waves, showing 
the_ presence of even harmonics. An alternator is a machine 
designed to develop perfectly symmetrical half waves, so as to 
exclude even harmonics. Nevertheless, since perfect symmetry 
of mechanical and magnetic conditions is a purely ideal condition, 
it is to be expected that some traces of even harmonics will 
present themselves in the e. m. f. wave of an alternator, if we 
take pains enough to examine the oscillograph with that end in 
view, as Prof. Jackson has pointed out. 

If an alternator impresses upon a circuit an e. m. f. wave with 
substantial -p and symmetry, and correspondingly negligible 
even harmonics,_ the_ alternating current in the circuit must be 
expected to be likewise free from even harmonics unless there is 
either unilateral conductance to destroy the -f- and — symmetry, 
or unless there is some synchronous action at work to alter mag¬ 
netic^ linkage with the circuit in a diss 3 ?mmetrical manner. Such 
conditions must be rare, or we would notice even harmonics in 
our oscillographs more frequently. Consequently, even har¬ 
monics are so unusual on any large scale, that when they are 
discovered they call for special examination and explanation. 

It has been asked what our reasons were for taking up this 
question of non-uniform magnetic-flux distribution in steel 
laminae. We recently had occasion to measure in our labora¬ 
tories the extra electrical resistance of flat copper strips, due to 
non-uniform electric alternating-current distribution. We found 
that the ordinary skin-effect formulas, which allow for imperfect 
electric penetration towards the midplane, were very far from 
^ying correct results with such strips. These formulas took 
into account skin effect” or imperfect penetration in depth, but 
Ignored what we have called “edge effect,” or imperfect penetra- 
tmn in width. That is, the current density is much greater near 

^ than near the middle. The current tries to 

avoid the middle of the section, both laterally as well as up and 
own, so that edge effect is of the same general nature as skin 
eltect, but may be much more noticeable in copper strips. 

^ lamina was a magnetic strip 
noticeable skin effect at ordinary 
“p JaDff frequencies, there might be a similar magnetic 

edSs SoM h ‘density carried near the 

be greater than that near the middle of the strip. 
*bis question, windings were applied to the inner 

pap? ^Marked^'d^-ffn laminae, as described in the 
paper. Marked differences in flux density were found to exist, 
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but attributable, in the main, to permeability variations. What- 
me edge^^^^ exists was small, by comparison with the 
permeability variation effect under ‘he con*‘f ” 

The bearing of these results m practise, is that care must oe 
taken, when making magnetic "^easuremerits on samples ousted 
in the form of ring laminae, to avoid errors due to radial distor 
tions in flux density. Moreover, the S 

laminae are likely to be considerably ^ the 

the average flux density assumed as sinusoidal, owing 
complexity of the alternating magnetic 

When one realizes, from such observations “ these 
oorted that not only the alternating flux density, but also the 
^mating flux wave form, is different at each and every radial 
S fte onSm pheaomonon of aK,, magnetic conduct.cn .n nng 

t“C^“(c°«ca.ed after adjournment)*: I 
have only two minor corrections 

ndlv and Alger paper. The curves shown in Fig. 6 should 
not\e coSe^to the left beyond the actually observed 

»|atio^Tt is 

vafuerof force the reluctivity is not represented by 

^ ¥^hmm found it of interest to carry out some 

matical analyses and to compare the results thus obtained with 

‘^I^iaminations are “ddy 

netic field that is parallel to then surfaces the ®f ®t 

sis. It can be shown th^the magnetic effect of the eddy cur 
rents depend upon / \/; in which t is the thickness of the 

laminations, /i their density 

frequency of the flux variation ratio o”^® 

at the center of the lamination to that at the surface is 


V'2 


[ 


cosh 2 X t 


\/jlL 


+ cos 2 -r i 


v/jdl 


p j 


Tor this quality of iron, .^'^f^l^gg^encies of 6o !^340 and 
0 999, 0.975 and 9 90 respectively for frequencies_-- 

*The 0. g. s. system of units is used throughout this discussion. 
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the flux density but 10 per cent a^the? f 
the effect is inappreciab?f %Ll\h at 60 cycles 

rents is proportional to fh^ strength of the eddy cur- 

in the cL^of circular with which they link, they will, 

the center of the laminations neaMhe^^^^ greatest effect at 
reduction in the flux densTtTwflrhfn.J,™^ ^rcui^erence. The 
outer circumference. ^ ^ progressively less toward the 

ma1ely^ftstvetg?v?k^^^^^^ approxi- 

little effect in mSSe ''' frequency has 

exists in the xnTddt bl 

in the inner belt is reduced more fhif^ .r “ 

the outer belt is reduid le?s J ^l^at in 

frequency is increased the average so that as the 

inner belt is decreased whfleh^h?Ti, “ the 

This is also shown in Pie 6 TIia ^ increased. 

daily if the reluotwty if not alnmfd'f'l lf“™ “P*" 

effSffSyff^entSSteSTih »“ *-e 

Since with circular laiiSae th^^a^^^^ homogeneous. 

IS not the same for the different 

obtained by measurine the total ^ curves that are 

give strictly averag??dationf Sf,’ T"". ^ belt, 

the average values thus obtaiTiP <4 a °f ^^fcrest to know how far 
teristic curves of the material actual charac- 

l.n.its the ntetallic X«?'i 3 

^ = a + i>I{ 

the flux density is actually 5 = // -|_^ np, - 

^ a ^ I, jj- hhe first com- 

all ordinary flux'’densities^ft nmlsecond, that at 

£« '* fPS™' Pi'n SsTf E E V^IUn 

d.. - IFiX _^= . 


i?l J'l ’ 


and ^2 are reluctimkies^l^t ampere turns and vj 

The aoerage vata of tL ■'‘““h •»■ “d 


B 


av- 


2 Ni 

- Ri) 


log 


Ri vi 
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The value of the magnetizing force at a mean radial distance 
from the center is 


2 N 
i?2 + R 


The expression for the average reluctivity is 


V av* 


2 a — Ri) 
R2 + -^1 


1 


loge 


■R 2 ^2 
Ri vi 


The only assumption in this calculation is that the relation 
between the reluctivity and the magnetizing force is a straight 
line. An approximate value for the average reluctivity is 

jRo V 

obtained if the log^ is expanded as a series 

Ai Vi 


R<iV2 2 (J?2 Vi - Rl I'l) I 

RiVi ~ ' {Ri Vi + Ri v^) 


The error made in neglecting the terms of this series beyond the 

first depends upon the ratio ’ ^ ^ ratio of radii near unity 

reduces the error to its smallest proportions. ^ The error is always 
greatest for a maximum density in the ring just below the point 
that makes the reluctivity a minimum. In this case this occurs 
at about H = 0.6. For this value of H and radii ratios of 2, 1.5 
and 1.25 the error's are 18.4, 6.8 and 3.2 per cent resp^tively. 
At a moderate value of the magnetizing force of about H = 5^0 
the error for a radii ratio of 2 is but 0.18 per cent and for the 
smaller ratios is below 0.05 per cent. With a high value of the 

magnetizing force of about 20, the errors for any radii ratio below 

2 arc too small to detect with five-place logarithm tables. In 
the following analysis I have made use of this approximation 
on account of its accuracy and simplicity. Making this substi- 

tutioii for loge in the expression for the average reluctivity 


gives upon reduction 


= d 


“H ^ Ha 


Thus the average value of the reluctivity is essentially equal to 
its actual value except for large radii ratios and a small value of 
the magnetizing force. 
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In Fig. 13 are shown the magnetization curves taken with 
direct and with alternating current. With the latter the maxi¬ 
mum values of the alternating (mrrent are computed by multi¬ 
plying the effective value by V2. This is the principal reason 
why the two curves do not coincide, for, as will be presently 
shown, the true multiplying factor is much greater. In the fol¬ 
lowing pa,rt of the analysis it is assumed that the time variation 
of the entire flux is sinusoidal. This would be so if the impressed 
voltage w^ere sinusoidal and the resistance drop in the winding 
were small. Neglecting the effect of hysteresis the magnetizing 
current is symmetrical and peaked if the maximum magnetizing 
force IS more than 3 or 4 gilberts per cm. At very low flux 
densities below H = 1.0, the magnetizing current would be flat, 
dtie to the fact that the reluctivity decreases as the magnetizini;^ 
force increases. Hysteresis has no effect on the maximum value 
of the magnetizing current, and but little effect on its ampere 
value, except at high flux densities or when the loss is abnormally 
large. The ratio of the inaximum to the ampere value on the 
assurnption of no hysteresis, is thus approximately equal to the 
actual ratio. This may be calculated if the reluctivity is as¬ 
sumed to vary as Dr. Kennelly indicates, viz. v a + h H. Prom 


this relation it follows that H = 


a B 


1- bB 


It has already been 


relation holds except at very low flux densities, 
where .5 IS the average flux density in the core and H is the 
magnetizing force along the mean circumference. The equation 
IS not true, however, for values of B so large that b B is equal to 
or greater than unity. The magnetizing current is ^ 


t = 


Ra 
2 N 


/ sin CO / \ 

\ I — b B^ sin t ) 


Th maximum value of the average 

vS. to 'o if* offoofioe 


I max. 


I 


r. m. s. 


( 1 - 


<)[ 


1 + 


2c 


T (1 - c^) "f" 


2c2 


(l-c2)3/2 


1 / 

i/2^ 


1 + 


T 


Sin- 


f)J 


aifae vliZf S for Sro'SiS’T ™ot«Kments 
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closely when the maximum value of the magnetizing force has 
such ca value that the straight line relationship for the reluctivity 
holds during the major part of the cycle. That is, should 
either be less than about 0.6 or greater than about 3.0. In the 
former case the value of b is negative. The following table 
gives the ratio of maximum to effective magnetizing current for 
different values of the flux density. 


Bra Imaxj 


10,000 

1.77 

11,000 

1.90 

12,000 

2.07 

12,500 

2.23 

13,000 

2.47 


This shows that the effective magnetizing current in a trans¬ 
former may be about 50 per cent of the maximum value as deter¬ 
mined from a d-c. saturation curve instead of 70 percent, as is 
usually assumed. If these multiplying factors are used in deter¬ 
mining the maximum value of the magnetizing force, the a^. 
saturation curve—see Fig. 13 would be^ determined by t e 
following points. In the third column are given the points on the 


d-c. curve. 


Bm Hm (60 cycles) H (d-o.) 


10,000 2.60 2.50 
11,000 3.56 3.56 
12,000 6.56 6.60 
12,500 7.73 9.50 
13,000 10.8 14.50 


The two curves will now coincide up to a flux density_ of about 
12 000 At higher flux densities the resistance drop in tne ex¬ 
citing winding reduces and modifies the wave forni of the 
In appreciable amount. The effect of hysteresis m altenng the 
r?tiT?f maximum to effective 

imnortant. For these reasons the formula can no longer ne 
relied upon to give good results. Furthermore Dr. Kenne y 
ooints out that the wave form of the impressed voltage became 
?”orte7 Aen higher of the 

tained If the resistance of the exciting wmding were as is 
Ihc lie in aTtansfoimer, the only disturbing element would be 

%\iTwavSS"the flux variation and its maximun, value 
known the ratio of the maximum to effective magnetizing 
current can be determined from the d ^949 

lyl method I 

i iSiCn“itlSrpai'e“t a closely approximate analysis 
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of the magnetizing force may be obtained from the hysteresis 
loop. The effective value of the magnetizing force is equal to 
the square root of the sum of the squares of the maximum values 
of the various harmonic components divided by the square root 
of two. In the numerical example worked out a high value of 
flux density of 14,000 was used in order to exaggerate the errors 
of the method. These, however, were shown to be small. 
Three different voltages were used; a sine wave, a peaked and a 
flat topped one. The latter two consisted of a fundamental 
and a 33 per cent third harmonic. The ratios of maximum 
to effective values are respectively 1.89, 1.48 and 1.98. ' 

Ratios of Belt Fluxes. Due to the fact that above a certain 
magnetizing force, in this case = 1.0, the reluctivity increases 
as the magnetizing force increases, the flux density at different 
mdial distances with d-c. excitation is more nearly uniform than 
if the reluctivity were constant. With a-c. excitation the curves 
in Fig. 6 apparently indicate that the reverse is true. There 
are two reasons for this discrepancy. In determining the maxi¬ 
mum value of the flux in each belt by a-c. measurement the same 
relation has been used for each of the three belts; viz. (p^ 


10 ^ 

4.44 Nf 


This assumes a sinusoidal variation of the 


voltage and flux. This might introduce considerable error in 
the calculated values of since the oscillograph records show 
that the wave form of the inner belt voltage is more peaked and 
of the outer more flat than a sine wave. The form factor of a 
peaked wave is greater than that of a flat one, so that if this cor¬ 
rection were made the flux ratio for the inner belt would be re¬ 
duced and for the outer belt, increased. For example, a peaked 
wave consisting of a fundamental and a 10 per cent third har¬ 
monic has a form factor 3.3 per cent greater than a sine wave’s. 
A flat wave consisting of the same components has a form factor 
3.3 per cent less than a sine wave’s. The effect of eddy currents 
IS in the same direction, as has already been indicated, but at 60 
cycles It IS very small. These corrections do not seem great 
enough however, to explain the large deviation of the measured 
results from the calculated ones. 

Hysteresis Loss. It is an experimental fact that the hysteresis 
loss per_ cubic centimeter per cycle over a large range of flux 
density IS given by ^ 


Ph = k 


The exponent is usually found to be about 1.6, although it may 

It SffSent rsd-^i density in the ring is different 

at different radial distances, the measurement of the hysteresis 

Slv^e'dlduoed^h i^sed. From this 

may be deduced_the_ average’ loss per unit volume. In measur¬ 
ing the reluctmty it was shown that, except at very low flux 
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densities, the average value is essentially the same as the actual 
value. Will the same be true of the hysteresis loss ? 

It is not possible to obtain a simple formula that shows the 
difference between the actual loss per unit volume for the aver¬ 
age flux density and the average loss per unit volume. An 
indication of the magnitude of this difference may be obtained 
without much difficulty, however. The difference will be great¬ 
est with a ring of large radii ratio and at a low flux density. We 
will consider two general cases, the first for a maximum H of 
0.6 and the second for a maximum H of 4.0. The following data 
give the relative losses at different points in rings having radii 
ratios of 2 and 1.25. The value of the exponent, p, is taken as 2 
in order to simplify the computation and for the reason that it 
exaggerates the differences above the minimum reluctivity and 
reduces them below this point. With a radii ratio of 2 and a 
maximum flux density of 6000 at the inner radius, the relative 
losses are 36, 1.1 and 2.6 at the inner, outer and average radii. 
The losses are calculated for rings having the same difference in 
their radii. The smaller this difference the more accurate are 
the relative losses. With the same rings and a maximum flux 
density of 11,100 at the inner radius the relative losses at the 
inner, outer and average radii are 1.23, 1.69 and 1.55. With a 
radii ratio of 1.25 and a maximum flux density of 6000 the rela¬ 
tive losses are 144, 24 and 46 at the inner, outer and average radii. 
With this ring and a maximum flux density of 11,100 the relative 
losses are 49.4, 56.6 and 53.4 at the inner, outer and average radii. 
Approximate relative values of the average losses are the average 
losses at the three radial distances. These are 13.2, 1.49, 71 
and 53.1 respectively for the four cases mentioned. The relative 
losses for the average flux density are 2.6, 1.55, 46, 53.4. Thus it 
follows that the error made in calculating the loss per unit volume 
on the assumption that the same relation between loss and maxi¬ 
mum flux density, viz.: Ph= k holds for' average values 
of flux density as for actual values of flux density will be about 
80 per cent, 4 per cent, 35 per cent, and 0.6 per cent. This 
shows that the error made in calculating the hysteresis loss is 
much greater than that made in calculating the reluctivity. 
It is much more important to use a ring having a small radii 
ratio when making hysteresis measurements than in obtaining a 
magnetization curve. At low flux densities the values of the 
coefficient and the exponent in the hysteresis equation obtained 
from a ring of the ordinary dimensions will be different from 
those obtained from an extremely narrow ring, i. e., from the true 
values. This no doubt accounts to some extent for the various 
values of the coefficient and exponent in the equation for the 
hysteresis loss. 

L. N. Robinson: Mr. Chubb inquires why, after a reversal of 
a transformer has taken place because of leSs energy requirement 
at the retentivity point in the hysteresis cycle, does the trans¬ 
former continue in this reversed condition when, a little later, 
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more work will be required in the bank to maintain the condition ? 
First, I might mention that I was originally led to the deduction, 
as to how the initial reversal might take place, through a con¬ 
sideration of inertia rather than of minimum energy requirement. 
That is, at the instant of reversing, the transformer should not 
be thought of as making a choice that will result in miminum 
ultimate energy consumption, but rather as taking the course 
that presents the least obstacle in the next succeeding instant and 
this, we see, requires minimum energy in the infinitesimal interval 
of time that immediately follows the reversal. 

Besides the inertia of the circuit containing iron-clad induct¬ 
ance, apparently the other prerequisite for the reversal of one 
transformer of a Y-Y connected bank with grounded neutral on 
the line side is the coincidence of the zero values of the total 
m. m. f. and of the voltage impressed on the transformer that 
reverses. 

Consider the case where the impressed voltage is not zero and 
the total m. m. f. (primary ampere turns plus secondary ampere 
tmns) is passing through a zero value. In the general considera¬ 
tion of this case, the primary and secondary m. m. fs. are not 
each zero, but are of equal magnitude and of opposite signs. 
Under the stated conditions, in order for a reversal to take place; 
that is, for the voltage across one leg of the bank to change 
instantaneously from one magnitude in one direction to an equal 
magnitude in the opposite direction; there would be demanded 

an infinite current, i - C = oo, because = °° and in 

^ ^ d t 

any electric circuit C is not zero. 

Furthermore, if the leg reversed under these conditions, the 
primary and secondary m. m. fs. would exchange directions 
instantaneously; that is, the primary current would be reversed 
due to the reversal of the primary impressed voltage and the 
secondary current would reverse in order that the sum of the 
primary and secondary m. m. fs. be zero. The instantaneous 

reversal of current means = oo, and it immediately follows 


that the infinite voltage, e = L 


a i 

—— = oo, would be required in 

order to accomplish the reversal. An infinite current or an 
demands an infinite supply of power which is not 

voftlS IK f ^ a reversal cannot_take place if the impressed 
\ olta^e on the transformer is not zero even if tbe total m. m. f. 

tot^ case, if a reversal were to take place when the 

total ni. m. f. were not zero and the impressed voltage were zero • 
the pnmary and secondary m. m. fs. would have to exchange 
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values at the instant of reversal and this again demands a voltage, 


= L 


d i 
d t 


From these two cases, it is clear that no reversal can occur if 
neither the impressed voltage nor the total m. m. f. of one trans¬ 
former of the bank is zero. 

Consequently, the only case, where a reversal may be expected, 
is that in which the impressed voltage and the total m. m. f. are 
both zero simultaneously. Then, and only then, can both 

d e 


and be finite during the reversal. 


d t 


d i 


In regard to the vibrations and noises that accompanied the 
even, harmonic and reversed leg phenomena, they were hardly 
to be described as high-frequency hums as inferred by -Mr. 
Montsinger. They were of low frequency and. their intensity 
varied, depending upon the nature of the electrical phenomena 
In fact the vibrations were so intense and of such low fiequuic\ 
that they could be felt by the hand holding a stick agauj d^e 
transformer cases. I attributed the vibrations to exce sue 
magnetization because in-phase currents 
neutral necessarily flowed through the 
of the transformers, and in the tests these f 

of the order of magnitude of the rated current capacity of the 

^'^BeS^omparing the experiments reported by Mr.^ Mont- 
singer and those ^2^19^ 

?rrtld"X"ts°^‘‘-^Safion of the effect, of electro¬ 
static caioacitv ' and reactance on third harmonics 
SanJforSers.’^ Naturally, in setting out to f ^^e a laboratoy 
SS?gSion of third harmonics, the .«lem®nts of 
not essential to tlie investigation are e ^.^-ere 

more directly at the desired M,, ^gjisers bet ween line- 

Mr. Montsinger’s connections Y-Y with coM^^ connection that 
side terminals and neutral. Heu , can not 

sufficed for his stated purpos . phenomena of V-Y 

logically he appealed to as embracing all the pneno 

iTplain further, without Soi|« j‘» WnSLl'; 

Mr. Montsinger shows one connected delta with 

Vjrimaries were conriected Y, ^“iQ^denser connected across 

one corner of the delta open, and ^ condenser 

each secondary leg. section provided the condensers 

even harmonics with such transformers, hut Mr. 

were of proper capacitance to suit ^ 

Montsinger reports tests of per leg. He did not 

of capacitance, namely 0.2 “^drotaraa In his other 

experiment over an extensive rang P. 
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tests, Figs. 3, 4 and 5,* he had the secondaries connected delta 
through a single condenser. Regardless of the capacitance of 
this condenser, Kirchhoff’s law as to the continuity of electric 
current in a circuit shows that this connection does not permit of 
the instability that is essential to the production of even har¬ 
monics in the transformers. 

Mr. Montsinger has emphasized the 200 per cent triple- 
harmonic voltage that appeared across the open corner of the 
delta in his tests when the third harmonic was intensified to a 
maximum. It is not evident whether the voltage across the 
corner of the delta was 200 per cent or 600 per cent of the funda¬ 
mental component of the leg voltage. The triple-harmonic 
voltage across the corner of the delta is the arithmetic sum of the 
triple-harmonic voltages across the individual legs. Hence, if 
the voltage across the open corner of the delta were 200 per cent, 
the triple-frequency voltage across one leg would be only 67 
per cent of the fundamental. Also Mr. Montsinger did not 
establish the phase relation between the third harmonic and the 
fundamental leg voltages under the conditions of his experiments. 
However, assuming the third-harmonic voltage per leg to be 200 
per cent of the fundamental leg voltage and that their maxima 
occur simultaneously; the maximum voltage per leg would be 
only 300 per cent of the rated fundamental voltage of the trans¬ 
formers. This would be within the limits of safety on trans¬ 
formers insulated to withstand 200 per cent of line (delta) 
voltage which is 346 per cent of leg voltage. From these and 
other data, I had felt that we are inclined to be too much con¬ 
cerned about the third harmonic. Consequently, when the even 
harmonics, especially the second, were discovered with magni¬ 
tudes transcending those encountered with the third harmonic 
under the severest conditions, it appeared that the new phenom¬ 
ena might afford a more satisfactory explanation of the perplex¬ 
ing behavior of the Y-Y connection with grounded neutral on 
the line side. 

*Trans. a. I. E. E., 1914, Vol. XXXIII, pp. 779-783. ” 
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of the 

AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

Except as noted below the Standardization Rules as approved by the 
Board of Directors on June 28, 1916, and issued in October 1916, and re- 
[ 3 riiited without change in December 1916, shall be considered in force 
until further notice. 


p. 11—Insert the following: 

OTHER APPROVED STANDARDIZATION RIIIES. 

The following Rules were formally presented to the Standards Com- 
mittee during 1916-17 and are found not to te incompatible with 
the Standardization Rules. 

“Standardization of Service Requirements for Motors”, as printed m 
the 1915 report of the National Electric Light Association. 

“Standardization of Sizes, Voltages and Taps for Transformers, as 
printed in the 1916 report of the Electrical Apparatus Committee of the 

National Electric Light Association. 

“Standard Specifications for Magnetic Tests of Iron and Steel, of the 

American Society for Testing Materials. 

“Report of the Joint Rubber Insulation Committee, published in th 
April, 1917, Proceedings of the American Institute of Electrical 

Accuracy Specifications in Sections IV and V of the 
of the Association of Edison Illuminating Companies and of the Kationa 

Electric Light Association. - cr Rureau 

Accuracy Specifications in Section II of Circular _56 of the Burea 

of Standards entitled “Standards for Electric Ser^ce_ ^ 

Report of the “Boiler Code Committee” of The Amencan Societj 

Mechanical Engineers. ^ j Flpctrical Equip- 

" Suggested Safety Rules for Installing an Po-npr 138 bv the 

ment in Bituminous Coal Mines.” issued as Technical Paper 138 bj 

Bureau of Mines. 

„ 18 .—The following section is added: 

armature circuit. 
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DEFINITIONS OF TERMS USED IN DESCRIBING ALTERNATING- 
CURRENT COMMUTATOR MOTORS. 

The following sections (§142 to §147c) are added and are tentative 
only. 

142 It is not intended that the use of any one term will exclude, 
or render unnecessary, the use of any one or more of the other terms. 
Each term is intended to refer to a certain group of alternating- 
current commutator-motors. An alternating-current commutator 
motor logically may be classified under a number of different, but 
non-conflicting groups. 


Classification by Phases of Energy Supply: 

143 Single-Phase Commutator Motor.—A single-phase commutator 
motor is one that receives the whole of its energy from only one phase 
of an alternating-current supply system, without requiring external 
phase-converting apparatus 


143a Polyphase Commutator Motor.—A polyphase commutator motor 
is one that receives its energy from a plurality of phases of an 
alternating-current supply system, or from a single-phase system 
through phase-converting apparatus external to the motor. 

144 Classification by Speed Characteristics.—For convenience, alter¬ 
nating-current commutator motors may be classified with reference 
to their speed characteristics as (1) constant-speed motors, (2) multi¬ 
speed motors, (3) adjustable-speed motors, and (4) varying-speed 
motors. ^ Definitions of these terms as given in §§151 to 154 for 
motors in general, should be adopted for alternating-current com¬ 
mutator motors, in so far as they are applicable. 


Classification by Excitation: 

146 Stator-Excited Commutator Motor.—A stator-excited commu¬ 
tator motor IS one in which the torque-producing field* is due to a 
current in a winding located on the stator. 

146a Rotor-Excited Commutator Motor.-A rotor-excited commutator 
motor IS one in which the torque-producing field* is due to a current 
in a winding located on the rotor. 


146b Stator- and Rotor-Excited Commutator Motor.—A stator- and 
rotor-excited commutator motor is one in which the torque-pro- 

cing field IS due to currents in windings located on the stator and 
un lug rotor. 


Commutator Motor.-A constant-fiold cominu- 
tator motor is one m which the torque-producing field* remains 
practica% constant, independent of the load. 

Alternating-current commutator motors of this class will in general 
have load-speed characteristics similar to those of the dir oLurrent 
£vL r,’ "f alternating-current commutator motors 

-^oaem_wh^he torque-producing field* varies in some nro- 
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portion with the current in the armature (which latter is generally 

^'^Such motor will in general have load-speed characteristics similar 
to those of the direct-current series motor. 

Classification by Neutralization and Compensation: 

146 Neutralized Commutator Motor.— A neutralized commutator 
motor is one in which use is made of a winding for producing a 
magnetizing force which at each instant and at each point in the air- 
gap under the pole face is practically equal and opposite to the 
magnetizing force due to the armature current. 

146a Compensated Commutator Motor.-A compensated commutator 
motor is one in which means, other than a neutralizing winding, 
are provided within the motor for improving the power-factor. 

Classification by Energy Reception: 

147 Conduction Commutator Motor.-A conduction commutator 
motor is one in which the working energyt is supplied to only on 
of the members, and is conveyed to it by conduction. 

147a Transformer Commutator Motor.-A transformer commutator 
motor is one in which the working energyt is transmitted from one 
member to the other by transformer action. ^ 

A motor in which the energy required by its armature (whi 
generally the rotor) is conveyed to it by electromagnetic induction 
or transformer action, may properly be referred ^3 

"induction motor" or as a "transformer motor . ^ 

equally applicable to a motor having a commutator, the term - 

duction motor" is usually applied to a motor ^ "°““"2om 

The term "transformer commutator motor is therefore recom 
mended for use with motors of the induction, or transformer type, 
having commutators. 

147b Transformer-Conduction Commutator Motor.-A transformer- 
n mow i. on, in which the “W 

by it, (which is jenmilly Ih. rotor) is conveyed to .t by 

both conduction and electromagnetic induction. 

147c Repulsion Commutator Motor.-A repulsion ^ 

is a transformer commutator motor in which use 
for short-circuiting a number of coils of the commutated wind g. 

METERS AND INSTRUMENTS 

The following sections (§§ 267 to 244) are added: 

237 Period of an Instrument-The period of an instrum^^^^^^^^ 

times called the "periodic time,” is the 

to make one complete oscillation (two consecutive swings). A swing 
is a complete movement in either direction. . , „ , h the 

In strongly damped instruments, the penod is infiuenced y 

amplitu de of the movement. ---__--- - 

tThe term “working energy’’ is intended to 'p^uHore loses and 

into mechanical energy, and which includes the shaft energy output pins 

friction. 
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238 Damping.—The damping of an instrument shall be expressed in 
terms of the following quantities, all three of which are essential to a 
complete description of the behavior: 

a- Tlie number of swings taken by the pointer in coming to rest. 

b. The time, in seconds, required for the pointer to come to rest, 

c. The overshooting, in per cent of the angular displacement 

due to the disturbance. 

These quantities shall be measured by suddenly applying and 
maintaining a load which will give a steady deflection of one-half full 
angular scale. The pointer shall be at zero when the load is applied. 

239 Rating Limitation of the Circuits in Meters and Instruments._ 

The rating of any circuit in a meter or instrument shall be no greater 
than that corresponding to the load to which it may be continuously 
subjected. 

The full scale marking of an instrument does not necessarily 
correspond to its rating. Where the rating differs from the full scale 
marking, the rating shall be marked on the instrument. 

240 Standard Temperature of Reference for Meter and Instrument 
Characteristics.—The standard temperature of reference for meter 
and instrument characteristics shall be 20' C. For purposes of rating, 
tne standard ambient temperature shall be 40 °C. 

Temperature’ of Shunts.-This 

»i .witchbort 

snau include the rating in amperes, the drop in volts at that ratintr 

men’t the^sSarn?mb^'''’'r^‘^^ connection with a particular instru- 
n^t, tne serial number of such instrument. 

current to “hf designed to be used with devices taking sufficient 
be indicated. Tor exS ^ 

0.050 volts, will have its sW market^®'® ^ 

Volts 0.050 
Amperes 100—10, 

to electrostatic action the ^ 

are used with current and notA . instruments which 

nm.a to th. So.ir<,r‘*'■‘n t. oo„- 

y circuits of the transformers and grounded. 

isecf transformers* 

|o€ctions 742 to 744a 

— §741. The footnote is ^i^^^nded to replace ultimately 


f-TT --------- M-VJ.U.CU. 

terms ‘load ” ^—T" ___ 

uKd in CQimectioa with the constants oT thTtir' ^r”'^®''’' loatT have biiS 
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742 Instrument Transformer.—An instrument transformer, is a trans¬ 
former suitable for use with measuring instruments that Is, one in 
which the conditions of phase and of current or potential in the 
primary circuit, are represented with acceptable accuracy in the 
secondary circuit. An instrument transformer may be either an 
instrument current transformer or an instrument potential (voltage) 
transformer. 

743 Instrument Current Transformers on Open Secondary Circuit.— 
Under conditions of open secondary circuit, current transformers shall 
be capable of carrying continuously rated primary current without 
damage to the primary insulation and without interruption of 
service. 

744 Instrument Current Transformers on Closed Secondary Circuit.— 

Under conditions of closed secondary circuit, current transformers 
shall withstand 40 times rated current applied for 1 second, without 
injury. 

744a For further definitions relative to instrument transformers, see §§ 
206 to 207. For dielectric tests of instrument potential (voltage) 
transformers see § 600.^ The dielectric tests of instrument current 
transformers shall be the same as specified in § 609. 


CONTROLLERS, CIRCUIT-BREAKERS, SWITCHES, FUSES 
AND ACCESSORIES.* 

Sections 746 to 769b inclusive are added: 

GENERAL DEFINITIONS 

The following definitions are tentative. Criticisms and suggestions, 
addressed to the Secretary of the Standards Committee, will be wel- 
corned. 

746 Conducting Parts— Those parts desiped to carry current or 
which are conductively connected therewith. 

746a Contact— The surface common to two conducting parts, united 
by pressure, for the purpose of carrying current. 

746b Grounded Parts.— Those parts which may be considered to 
have the same potential as the earth. ^ • u 

746 “Air” as a Prefix.— The prefix “air” applied to a device which 
interrupts an electric circuit indicates that the interruption occurs 

7461” '"“Oil” as a Prefix.-The prefix “oil” applied to a device which 
interrupts an electric circuit-indicates that the interruption occurs 

747 Fume-Resisting. —Apparatus is 

so constructed that it will not be readily injured y P 

fumes. 

*The "National Electrical Code” of fuses up to &00 

certain capacities of circuit-breakers up to^ 550 vo 

volts. * , r coming under this classification 

The question of establishing uniform ^ ” Committee and the Electrical Com- 

is under consideration by the .A- L E, h- btanaaras v. 

mittee of the N- F. P. A. 
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747a Drip-Proof.—Apparatus is designated as drip-proof when so pro¬ 
tected as to exclude falling moisture or dirt. Drip-proof apparatus 
may be either open or semi-enclosed, if it is provided with suitable 
protection integral with the apparatus, or so enclosed as to exclude 
effectively falling solid or liquid material. 

747b Dust-Proof.—Apparatus is designated as dust-proof when so 
constructed or protected that the accumulation of dust within or 
without the device will not interfere with its successful operation. 

747c Dust-Tight.—Apparatus is designated as dust-tight when so 
constructed that the dust will not enter the enclosing case. 

747d Explosion-Proof.. Apparatus is designated as explosion-proof 
when so constructed that explosions of gas within the casing will not 
injure it or ignite inflammable gas outside it. 

747e Gas-Proof. Apparatus is designated as gas-proof when so con¬ 
structed or protected that the specified gas will not interfere with 
its successful operation. 


vjras-iignt.—Apparatus is designated as gas-tight when so con¬ 
structed that the specified gas will not enter the enclosing case. 

747g Moisture-Resisting.—Apparatus is' designated as moist urc- 
resistmg when so constructed or treated that it will not be readily 
mjured by raofeture. (Such apparatus shall be capable of operating? 
in a very humid atmosphere, such as found in mines, evaporating 
rooms, etc.) ^ 

747h Splash-Proof.—Apparatus is designated as splash-proof when so 
constructed or protected that external splashing will not interfere 
witn its successful operation. 

7471 Submersible.—Apparatus is designated as submersible when so 

T operate successfully when submerged in water 
under specified conditions of pressure and time. 

747j Sleet-Proof.-Apparatus is designated as sleet-proof when so 

Serf accumulation of sleet will not 

intertere with its successful operation. 

'^'vic!“ith onlh Release.-A term applic.l to a dc 

-hich docs not 

the interruption of power to the cause anri maintain 

voitag. or iaw-veii. " 0 !“"“" 

“ •»' of 

maintain the inteTTxxvtionl/^^^^^ operates to cause and 

said to provide phase-failure prSion“ circuits, is 

'''of reversal 

mamtain the interruption o? pZerL'airott^""^*®'^ 

provide phase-reversal protection. \ ^ ^ circuits; is said to 
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749 Contactor—A device for repeatedly establishing and interrupting 
an electric circuit under normal conditions. 

760 Electric Controller.— A device, or group of devices, which serves to 
control in some predetermined manner the operation of the apparatus 
to which it is connected. 

CIRCUIT-BREAKERS. 

761 Circuit-Breaker.—A circuit-breaker is a device (other than a fuse) 
constructed primarily for the interruption of a circuit under infre¬ 
quent abnormal conditions. [This section is intended to replace 

ultimately §724]. -t, 

762 Rating.— The rating of a circuit-breaker or switch includes (1) the 
normal ?. m. s. current which it is designed to carry (2) nomnal 
r. m. s. pressure (voltage) of the circuit on which 't 'S intended ^o 
operate (3) the normal frequency of the current and ( ) 
rupting capacity of the device (see §763). [This section is in- 
tended to replace ultimately §726]. 

763 Interrupting Capacity. By interrupting (breaking or ^P^uring) 
capacity is meant the highest r. m. s. current at normal voltage 
which tL device can interrupt under prescribed conditions at stated 
intervals a specified number of times. [This section is intended to 
replace ultimately §728]. 

764 Temperature Tests.—Rated current at rated frequency sha e 

apSS^ continuously until the temperature becomes constant 
Th^e maximum temperatures of the various parts shall not exceed 
following when the ambient temperature of reference is 40 .. 

Contacts in air*.. r 

Oil and contacts therein."0 C. 

Coils (see §§376 to 379 inch) 

Other parts (see §392) _ -m+r-Vi 

The Institute recognizes the inherent decrease 

and circuit-breaker contacts in air, due to ^^rfis thSore 

surfaces. The rating of air switches and circuit-breaker ^ » 

bassd on sufficient maintenance to keep the temperature within the 
specified limits. [This section is intended to replace ultimately 

766^'Selectric Tasts.-For apparatus of 600 volts - fg’ 

486, and 600. For apparatus above 600 volts see §§«2- 
609. [This section is intended to replace ultimately § 


SWITCHES 

766 Switch.—A switch is a device for 

connections in an electric circuit. [This section is intended to replace 

ultimately §721]. tn 

756a Master-Switch.—A master-switch is a device whic 

govern the operation of contactors and auxiliary devices of an 

trie controller. ^—T 

i. ... •' 

short duration. 
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Switch-A control switch is a switch for controlling 
electrically-operated switches and circuit breakers. ^ 


766c Auxiliary Switch.-An auxiliary switch is 
some mam device, for signalling, interlocking. 


a switch acttiated 
etc. 


by 


767 Rating.—Same as for circuit-breakers; see §§762 and 763. 
section is intended to replace ultimately §722 ]. 

767a Tests.— Same as for circuit-breake s; see §§764 and 766. 
section IS intended to replace ultimately §723 ]. 


[This 


[This 




768 S'Hse. A fuse is an element designed to melt or dissipate at 
a predetermined current value, and intended to protect against 
abnormal conditions of current. against 

as parVofTheSe*"""’ 

Fuses may be divided into two classes: ' 

(A) Those designed to protect the circuit and apparatus both 
against short-circuit and against definite amounts of overload (e g 
fuseS)Of the National Electric Code which open on 25 per cent ove^ 

(B) Those designed to protect the system only against short- 

S the current 

which they are designed to carry continuously). The line separating 

these two classes is not definitely fixed. [This section is intended to 
rep ace u timately §729 and the last two paragraphs of §730]. 

768a Continuous Current Carrying-Capacity of a Fuse.-Fuses shall 
they wiU carry continuously 110 per cent of 

4>ace^ultimatr; 

768b Temperature.—The temperature of coils or'windings (such as 

iTXS“L ““cl? 

(See §§?7 o 379) rf \ rf insulation, 

(.oee ssd/b to 379). The highest temperature for the fuse nroner 

houH not exceed the safe limit for the material er^Soyed Th s 
section IS intended to replace ultimately §731], 


relays 

“ 111 ” 

759a Temperature Tests.— Same as § 764. 

769b Dielectric Tests.— Same as § 766. 

_766 The following foot-n ote is added to section 766: 

The nominal rating should be applied onlv to 7“--- 

traction loads. ^ machinery and apparatus carrying 
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STANDARDS FOR TELEPHONY AND TELEGRAPHY 

The following sections are added: 

923 Standard Cable—A standard cable is an ideal uniform line in terms 
of which the attenuation of a line or network may be specified. It is 
characterized by the following constants: Linear resistance, 88 
ohms per loop mile (54.7 ohms per loop km.). Linear capacitance 
between wires 0.064 microfarad per loop mile (0.03355 microfarad 
per loop km.). Linear inductance and linear leakance, 0. 

940 Simplex Circuit.—A simplex circuit in telegraphy is one arranged 
for operation in one direction at one time. 

941 Duplex Circuit.—A duplex circuit in telegraphy is one arranged for 
simultaneous operation in opposite directions. 

942 Diplex Circuit.—A diplex circuit in telegraphy is one arranged for 
the simultaneous transmission of two messages in the same direction. 

943 Quadruplex Circuit.—A quadruplex circuit in telegraphy is one 
arranged for the simultaneous transmission of two messages in each 
direction. 

944 Multiplex Circuit.—A multiplex circuit in telegraphy is one ar¬ 
ranged for the simultaneous transmission of several messages m one 
direction. 




REPORT OF THE BOARD OF DIRECTORS 

FOR FISCAL YEAR ENDING APRIL 30. 1917 

The Board of Directors of the American Institute of Electrical Engineers 
presents herewith to the membership, its Thirty-third Annual Report 
for the fiscal year ending April 30, 1917. A General Balance Sheet show¬ 
ing the financial condition of the Institute on April 30, 1917, together 
with other detailed financial statements is included herein. 

The Board has endeavored, as in the past, to keep the membership 
informed of its proceedings and of the work of the Institute, by publishing 
monthly in the Proceedings a resumd of the business transacted at each 
Directors’ meeting. These notices, however, are not a complete report 
of the -work done.by the Board at any one meeting, for the reason that 
important matters are constantly arising which cannot be disposed of at 
once, and which must therefore be held over for future consideration. 
Publicity in such cases must frequently be deferred, but eventually full 
ixiformation is given to the members in subsequent issues. 

Directors’ Meetings.—The Board of Directors held ten meetings 
during the year. Five of these were held in New York City, and five were 
held in other cities as follows: June, in Cleveland, Ohio, during the An¬ 
nual Convention: October, Philadelphia, Pa.; December, Boston, Mass.; 
January, Pittsburgh, Pa.; March, Chicago, Ill. Heretofore it had been 
the custom to hold the directors’ meetings in New York on the same date 
as the monthly Institute meeting. When it was decided last fall to hold 
some of the monthly meetings outside of New York, it was also decided 
that the Board of Directors should meet in the city m which the Institute 
meeting was held, and this plan has been carried out. ^ . v, u 

In addition to the directors’ meetings, the Executive Committee hel 
three meetings. Two of these were held on February 6 and 9, 19^, 
respectively, for the purpose of preparing and issuing to the rnembemh^, 
a circular and data sheet for classifying the availability of Institute mem¬ 
bers for military or naval service in case of need. The third mee ja 
held on March 26, 1917. At this meeting the President was authonzed t 
appoint a committee to consider all matters in connection with the in- 

stiLte’s relation to national defense, includingcooperation with thevanou 

^°hratiM*^^^Me?ting.--The Institute’s Annual business 

May 16, 1916, was a truly National meeting.as itwas held 

by means of the long distance telephone, in Boston. New York, Made- 

pHa, Atlanta, Chicago and San Francisco; each person of the six 

audiences being provided with a receiver and t us ein^g 

all that was said by the speakers in all six S 

commemorate the achievements of Institute member ^-eeting 

communication, transportation, light and power. ^ss 

,e.d from th. P«»d„, of Jta «»«■> ,1.. 

exchanged by the various assemblies. The meeting con 

adoption of the following resolution: . American Institute 

Resolved, that this National Meeting, of the Amencan in 

of Electrical Engineers in Boston, San Francisco, Atlanta. Ch 
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a. ho,di« 5 a.T.r.r.T'id 

inMHute, wte., f„ ,.„j„ j„; ° i ”s° Z’,r^T- °‘ 

tion to engineers everywhere and will ml^l- , mspira- 

of A„„ic. “••O'y 

held ... „ 

Chicago 1000; San Francisco 750.’ ’ 850; Atlanta 500; 

Convention was held in 

607, of which number 319 we're from out of trT attendance was 

represented. The proeram co-nc’ ! °f town, twenty-two states being 

variety of timely LglieerinTsub -eetf P^Pors on a 

Section Delegates were held, at which all of the sZT the 

- and a conference was also held for the firoff- f ® represented. 

Student Branches. ’ ® representatives of the 

Seatt? W?shilg?orTep°te^^^^ was held in 

"’"Slttef Co® r-egistration’numbered 182 

Convention was held'^annstiti^ehead’~”^r® fifth Annual Midwinter 

14-16, 1917. The total ” stledl^ 'S 

eleven technical papers presented a "leT® ^fifirtion to the 

delivered by Professor R A Millikan P Physics was 

Society, and Professor of PWs of th? 

convention closed with a subscrmt; University of Chicago. The 

p.wy .6 which ” 

Monthly Institute Meetings ~T^e guests, 

the policy of holding monthly Institute^'meeti marked a change in 
been the custom for many years to hoM f 
Institute headquarters, with an occo • monthly meetings at 

New York under the auspices of one ofT meeting ■ outside of 

regular New York meeting At the L ^- ®®®Uons, in addition to the 
tive year in August 1916, President Present administra- 

time had come to make a change in the nni' opinion that the 

meetings in New York City, and declared'v tbe monthly 

the meetings. This plan wl’s StfaS wT l" distributing 

monthly meetings were transfLed fr^m M t *fi® 

Pittsburgh and Chh^ 

scheduled to beheld in Schenectadv a? 1®°' ■ was 

to cancel this meeting. The meetings we found necessary 

officers and members were unremitting in ®th 

success. A brief record of the oTt of to- ® ^ 

Philadelphia Meeting. _ThePhi'iad i 5. follows: 

13, 1916. There were two technical sZsZ fi®ld on October 

P'“““ «- “«sr: ttaf 
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Boston Meeting.—The Boston meeting was held on December 9, 1916. 
The Institute’s technical session, at which two papers were presented, was 
held in the afternoon. The evening session was devoted wholl}’’ to the 
presentation of the John Fritz Medal to Professor Elihu Thomson. The 
attendance was about 400. 

Pittsburgh Meeting.—The Pittsburgh meeting was held in Pittsburgh, 
Pa., on January 12, 1917. This meeting was limited to one technical 
session at which one paper was presented. Four hundred and twenty-five 
members and guests were present. 

Chicago Meeting.—The Chicago meeting was held on March 9, 1917. 
Two papers were presented at the single technical session, and the attend¬ 
ance numbered 300. 

New York Meetings.—A meeting was held in New York at Institute 
headquarters on November 10, 1916, at which three technical papers were 
presented. A three-day Midwinter Convention was held in February as 

referred to elsewhere herein. The Annual Meeting on May 18, 1917, 

will also be held in New York. 

Joint Session A. I. E. E. and A. I. & S. E. E.—A joint session of the 
A. I. E. E. and the Association of Iron and Steel Electrical Engineers 
was held during the tenth Annual Convention of the Association in 
Chicago on September 20, 1916. Two papers on subjects of mutual 
interest to the two organizations were presented on behalf of the Institute. 

President.—President Buck presided at the Institute meetings held 
during his administration in Philadelphia, New York, Boston Pittsburgh 
and Chicago. He also attended the Pacific Coast Convention held in 
Seattle, September 5-9, 1916, the Annual Banquet of the Pittsburgh 

Section on December 9, 1916, the meeting of the Philadelphia Section 

held on February 12, 1917, and he represented the Institute at the Annual 
Dinner of the Providence Engineering Society March 28, 1917. 

National Defense.—The Institute has continued to contribute its 
services to the government in the cause of preparedness and National 
Defense during the past year, and is now in touch with various govern¬ 
mental agencies through representation on committees and other bodies 
which are carrying on efifective work for the national welfare. A brief 
summary of the more important activities in which the Institute is in¬ 
terested and in which it has taken a conspicuous part is contained 
elsewhere in this report. 

Early in February 1916, the Executive Committee of the Institute met 
in special session, at which it was decided to issue to the membership a 
circular calling attention to the opportunities for patriotic service existing 
in the Army and Navy of the United States and enclosing therewith a 
data sheet for the purpose of tabulating the availability of members of 
the Institute for such service. This circular and data sheet were issued 
under date of February 8, 1917, and met with a very cordial response, 
the number of data sheets received in reply exceeding 2,000. A con 
siderable number of the members who have sent in these sheets have 
been communicated with by the branches most urgently in nee o e 
services available, and the remainder are being held, for future re erence. 

On April 2, 1917, the Institute in cooperation with other engineering 
societies issued tQ its meuibership two pamphlets containing-as comp e e 
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information as could be obtained for members of the engineering pro¬ 
fession who contemplated offering their services in the army and navy. 
“These pamphlets have resulted in the filing of many applications by 
Institute members for commissions in the various ranks of the Officers 
Reserve Corps of the army, and in the Naval Reserve. 

The Executive Committee met again on March 26, 1917, for the purpose 
of authorizing the President to appoint a Committee on National Defense, 
to consider all matters which would naturally come within the scope of 
such a committee, and including continuation of the work formerly 
carried on by the Institute’s representatives upon the Joint Committee 
on Engineer Officers’ Reserve Corps. This committee was subsequently 
appointed by President Buck and has since been active in carrying on 
special work relative to National Defense. 


Council of National Defense.—As the result of the act of congress of 
August 29, 1916, the Council on National Defense was organized for the 
coordination of industries and resources of the United States for the 
natmnal security and welfare. The Council is made up of the Secretary 
of War (Chairman), the Secretary of the Navy, the Secretary of the 
Interior, the Secretary of Agriculture, the Secretary of Commerce and 
e Secmtary of Labor. The act further provided for the appointment 
y the President, of an Advisory Commission of seven members. The 
dv^ory Commission was subsequently appointed and is now serving 
e Council in a consulting capacity without compensation. The Instx- 
u e was inwted to appoint two representatives upon the Committee on 
cience and Research of the Advisory Commission, to which the super¬ 
vision of engineering matters had been assigned. The Engineering Section 

Tiof of two respresentatives each of the four 

national engineering societies and certain other engineering societies. 

created National Research Council was 

dent of the TT > Academy of Sciences at the request of the Presi¬ 

tional and othe ° “to cooperation, existing governmental, educa- 
encou“?fL ™ ‘he purpose of 

scientific phenomena, the increased use of 

Syment of scien^^^ development of American industries, the em- 
and such other an m strengthening the National Defense, 

curity and welfare ‘he national se- 

carried on thmn h National Research Council is 

physical sciences and^hSry,raTh1maticT‘S^^^^ 

culture, and other subjects includint o ■ hygiene, agri- 

this Committee on ElineerS li of Engineering. To 

cieties was invited to aoDoiTit ^ National Engineering So- 

tives, with the engineers who a ° and these representa- 

Committee on Engineering. Council, constitute the 

the affairs^omeTnltedTn changes have taken place in 

23 . 1916 , the Board of DfrSnTthrr^^ 

ueers adopted resolutions accL^nl Engi- 

accepting an invitation from the United 
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Engineering Society, to enter into the fraternity of the founder societies 
and take up their headquarters in the Engineering Societies Building, 
Active negotiations with the object of bringing about this result had been 
carried on by the A. S. C. E. and the U. E. S. for about one year prior 
to the action referred to above. Full details of the arrangement finally 
agreed upon and a memorandum of the agreement entered into will be 
found in the September 1916 Proceedings. As will be seen from this 
agreement, in order to provide suitable quarters for the A. S. C. E., it 
was necessary for the United Engineering Society to contract for the 
addition of three stories to the Engineering Societies Building. This 
work is now progressing satisfactorily and it is expected that the American 
Society of Civil Engineers will move its headquarters into the building 
before the end of the present calendar year, thus bringing under one roof 
the headquarters of the National Societies of Civil, Mining, Mechanical 
and Electrical Engineers, with all the obvious advantages for closer 


cooperation of the entire engineering profession. 

Engineering Council.—The Engineering Council is the outcome of 
several independent movements which took definite shape early during the 
present year. For a long time individual engineers and the engineering 
societies have had in mind the desirability of having some properly con¬ 
stituted organization empowered to speak in the name of engineers in 
general upon subjects of common interest to engineers and to the public. 
The need of such an organization in the interest of cooperation and uni¬ 
formity of action on matters relating to the welfare of the engineering 
profession was brought to the attention of the Board of Directors of the 
Institute at its meeting held in Philadelphia in October 1916, at which the 
subject was discussed at considerable length. A resolution was adopted 
at that meeting authorizing the President to appoint a committee of nve 
members of the Board and to invite the American Society of Civil Engi¬ 
neers, the American Society of Mechanical Engineers, and the American 
Institute of Mining Engineers, to appoint similar representatives upon a 
joint committee with a view to formulating some plan of action for organ¬ 
izing such a central body. A series of conferences of the representatives 
appointed as a result of this action followed, and after considering nu¬ 
merous suggestions the conferees formulated a plan to amend the 
by-laws of the United Engineering Society so as to provide ior a new 
department of that Society, to be known as The Engineering Council. 
These amendments were subsequently approved by the four founder 
societies which constitute the United Engineering Society, and the Council 
is now being organized. The object of the Council as expressed in the 
amended by-laws is ^‘to provide for convenient cooperation between the 
four founder societies, for the proper consideration of questions of general 
interest to engineers and to the public and to provide the means for united 
action upon questions of common concern to engineers. The Council will 
be maintained and conducted independently of the other activities of the 
United Engineering Society. Under the plan as adopted, each of the four 
founder societies is entitled to five representatives upon the Council, 
these representatives to be designated by the governing body of each 
society, and the United Engineering Society will have four representa¬ 
tives chosen by its Board of Trustees, such representatives to be men not 
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already designated by any of the founder societies. The Council will be 
empowered to speak authoritatively for all member societies on all public 
questions of common interest or concern to engineers unless objection 
be made by a majority of the representatives p-esent of one of the founder 
^cieties or one-quarter of the representatives present and voting. 

he Trustees of the United Engineering Society will have authority to 
elect to membership in the Engineering Council, other national engineer¬ 
ing or technical societies under such rules as the Council prescribes, pro- 
\ided their nomination and the said rules have the unanimous approval 
ot the governing bodies of the four societies. 

Representatives.—The Institute has continued its representation upon 
various national committees and other local and national bodies with which 
It has been affiliated in past years, and in addition has appointed represen- 
a i\es upon a number of new bodies including several relating to National 
^etense. A list of these will be found published in each issue of the 
-tROCEEDINGS. 

Committees.—There has been very little change in the character 
during the year. Last year a committee was 
appointed to formulate a plan for reorganization of the techni- 

mendTnvT f' reported in August 1916 reconi- 

ment of tw technical committees and the appoiiit- 

instrufenr =°'““ttees; one on electrical machinery, and one on 
BoarrfofL^f “®“®”ts. When this report came before the 
defefa t of oI October meeting, it was decided to 

them we committees, but a number of 

therepoTso as tn o ” recommendations contained in 

^ ranle in%h ^pe^tive fields more comprehensively. 

^ manner of reporting upon the work of the technic-il 

ings and^Paoers^O recommendation of the Meet- 

lyiws -“-dment to the Institute’s 

an annual report of the,' t committees are now required to submit 
of the teohnlLl Convention. Brief reports 

Report Of .ta B^d rtai" 

the reports of the terhniVjii -L ^ accordance with this change 
presented at the Annual ConvTntioVin 

mittee arranged tlw ^progrlmT^^^W^^ t Papers Com- 

held during the year. ^ meetings and conventions 

Board of Diractos,°the expTrtoent^'^^t approval of the 

regular monthly meetings of the of holding a number of the 

Reference to tUs plan fnd Viu New York, 

found elsewhere in this report. Thr^Vmay be 
tion of the regular monthly meetings wis t° f distribu- 

central points a better opportunity to be h members at various 

Institute activities. It is believed^tba t with the 

greatly stimulated the Sections where tb *stnbution of meetings has 
the Institute as a whole has been benefited 
Pon the 



REPORT OF BOARD OF DIRECTORS 


1173 


the Board of Directors providing that each technical committee shall 
present, at the Annual Convention, a report of the work accomplished 
by the committee during the year, and giving plans and suggestions for 
future activities. The committee believes that this by-law will be helpful 
in bringing about a continuity of ideas, and will be the means of increasing 
the usefulness of the technical committees. 

The by-laws as amended in May, 1916, have established a clear distinc¬ 
tion between the work of the Meetings and Papers and Editing com¬ 
mittees, the former now having jurisdiction over the selection of papers 
to be presented, and the publication of the Proceedings, while the editing 
of papers and the selection of material for the annual Transactions is 
now solely within the province of the Editing Committee. 

Owing to unusual and unexpected demands on the finances of the Insti¬ 
tute, the amount which could be appropriated for publication of the 
Proceedings and Transactions has been somewhat reduced. This has 
made it necessary to exercise unusual care in the selection of material for 
presentation and publication. It is hoped that the work has been done in 
such a way that there has been no curtailment in the usefulness of the 
Institute to the membership. 

Sections Committee.—The activities of the Sections reflect a gain over 
the previous year of about the usual magnitude. In view of the many 
unusual demands made upon the engineers in this period, this continued 

progress is gratifying. ^ ^ . 

No new Sections have been formed this year, but recent agitation in this 
direction in two or three localities, points to definite developments in the 
near future. The Toronto Section has resumed its activities in the face 
of unusual obstacles. 

Continued interest manifested in the affiliation of Sections with other 
technical societies has resulted in the appointment of a special committee 
to report on such relation at the next delegates meeting. 

Branches. —Perhaps the must notable item of the year is the growth 
of interest in the work of the Student Branches, which has been recognized 
by the appointment of a special Committee on Institute Branches, a sub¬ 
committee, with its chairman as vice-chairman of the Sections Com¬ 
mittee. _ ^ t. T> 

This committee has already projected a lecture circuit for the Branches 
in the middle west, to be inaugurated next fall. The committee hopes to 
obtain the services of notable engineers without unreasonable demand 
upon their time. If this plan proves successful, other circuits will be 
established in localities where Branches are so grouped that such circuits 

are practicable. ^ 

The number of Student Branches has been raised to fifty-nine by t e 
addition, during the year, of those newly organized at Norwich Univer¬ 
sity, Vermont, University of North Dakota, University of Minnesota, 
Alabama Polytechnic Institute and the Massachusetts Institute of 
Technology. The activities in the Branches show increases corresponding 
to those of the Sections, while future growth should be materially favored 

by the improved organization. ^ j -d t, 

A tabulation showing the activity of the Sections and Branches 

during the past five years follows: 
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For Fiscal Year Em 

ding 

May 1 
1913 

May 1 
1914 

May 1 
1915 

May 1 
1916 

May 1 
1917 

Sections 






Number of Sections. 

29 

30 

31 

32 

32 

Number of Section meetings 






held. 

244 

233 

246 

251 

265 

Total Attendance. 

22,825 

22,626 

23,507 

28,553 

31,299 

Branches 






Number of Branches. 

47 

47 

52 

54 

59 

Number of Branch meetings 






held. 

357 

306 

328 

360 

368 

Attendance. 

11,808 

11,617 

12,712 

15,166 

16,107 


Standards Committee.-^The 1916 edition of the Standardization 
Rules was approved by the Board of Directors at the Cleveland Con¬ 
vention, June 28, 1916. This edition does not differ radically from the 
previous edition, but involves material changes in over 100 sections, 
with ten new sections. 

Of particular value in this revision of the Rules has been the very 
cordial cooperation of the British Engineering Standards Committee, 
which was represented at the final meeting of the Standards Committee 
on May 15 and 16, 1916, by its Secretary, Mr. C. le Maistre, who 
came from London to New York for this express purpose. The By-Laws of 
the Standards Committee referred to in the last Annual Report were 
approved by the Board of Directors on June 28, 1916. 

The work of the present committee has been carried on with the aid of 
36 sub-committees which report at the monthly meetings of the main 
committee. The membership of the sub-committees is only partly con¬ 
fined to the main committee although the sub-committee chairmen are 
always members of the main committee. 

The changes and additions to be proposed as a result of this year's 
work are for the most part not radical, and to avoid the cost of a new 
edition, will be printed as a supplement. It seems desirable to the com¬ 
mittee that a new edition should not be issued oftener than once in two 
years. 


Work is now under way by the sub-committee on '‘The Form but not 
the Substance looking towards a complete rearrangement and standardi¬ 
zation of typography for the 1918 Edition. 

Each year the need of more effective machinery of cooperation with 
^e standards committees of other societies has become more evident. 
Ihe invitation issued at the suggestion of the Standards Committee, by 
the Board of Directors last winter to the A. S. C. E., the A. S. M. E. 
t e A. I. M. E. and the A. S. T. M., each to appoint three representatives 
on a pint committee with the A. 1. E. E., to consider the organization 
of a National or American Engineering Standards Committee, has met 
with cordial response, and the organization committee after a winter’s 
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work is about ready to report. The chairman of the Standards Com¬ 
mittee is chairman of the organization committee above referred to. 

Another joint conference committee on standards largely within the 
electrical field is already in operation; it includes the A. I. E. E., the N. E. 
L. A., the Electric Power Club, Association of Edison Illuminating Com¬ 
panies., the American Electric Railway Association, the Association of 
Iron and Steel Electrical Engineers, the Railway Signal Association, Soc. 
Automobile Engineers, Institute of Radio Engineers, Illuminating En¬ 
gineering Society, the American Society for Testing Materials, and the 
Association of Railway Electrical Engineers. 

The future of this committee will depend somewhat upon the form of 
organization of the American Engineering Standards Committee; but 
whether or not it continues in its present form, it has already served and 
will continue to serve a very useful purpose until the broader committee 
is fully organized and ready to undertake its work. 

Our Standardization Rules have been translated into French and this^ 
translation is now being revised by a committee including several of our 
French confreres, with Mr. C. 0. Mailloux as chairman. 

Committee on the Development of Water Power.—The committee 
has had no opportunity during the past year to obtain action on matters 
of legislation affecting water power, and has therefore confined its activi¬ 
ties to two specific utterances on the general subject. 

In the latter part of October 1916, with the approval of the Board of 
Directors of the Institute, the committee prepared and submitted to the 
Secretaries of War, Agriculture and the Interior a declaration of principles 


governing water power. ^ i ^ -i 

The second matter referred to was a letter written to the Council on 
National Defense, dated February 23, 1917, bringing to the Councils 
attention the importance of legislation in respect to Niagara a 
setting forth the intimate and vital relation between the products there 
manufactured, and national defense. This document the committee be¬ 
lieves was of value in aiding the legislation later enacted by congress 
whereby the diversion of additional water at Niagara Falls was permitted 

up to the limits of the existing treaty. , . . 

U. S. National Committee of the International Electrotechmea 

Sion.— A general meeting of theU. S. National Committee of the Interna¬ 
tional Electrotechnical Commission with the Standards Commi 
A? I E. E. was held in New York on May 12, 1916 on the occasion of 
the visit to the United States of General Secretary C. le Maist . Th^ 
question of graphic symbols was discussed at this meeting 
to a sub-commiLe of the Standards Comnaittee for “ation^ 
were expressed for the active resumption of the f ^ ^ 

.fw the world's pe.c. 31, 

the Honorary Secretary of the I. E. C. for tne year s . 

1916 was received in January and distnbuted ^ 

the U. S. National Committee. appreciable contri- 

withstandmg the ^ have been maintained by a number 

butions to the work of the 1 . h. o. nave uc 

of the individual countries. ^ ^ rAminittee_This committee was 

Pan American Joint Engineering • jj-gtitute with the 

organized in February 1916 upon the mrtiative of the Institute 
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object of increasing and broadening the influence and usefulness of the 
national engineering societies of the United States in Central and South 
American countries. In addition to the Institute, the National Societies of 
Civil, Mining, and Mechanical Engineers are represented upon the joint 
committee. Preliminary meetings were held on March 3 and March 24, 
1916, and on April 10, 1916, a formal organization was effected. Letters 
^ere sent to all South and Central American representatives at Washing¬ 
ton and to the representatives of the United States in Central and South 
America in order to obtain the names of representative engineering or¬ 
ganizations in those countries. These names having been obtained, a for¬ 
mal request was sent to the leading engineers and technical associations in 
each country asking their cooperation with the joint committee. The 
committee expects to continue this work through correspondence with 
the view to developing friendly relations and effecting cooperation with 
e engineers of Central and South America, and later may make an 
effort to arrange for a public meeting to stimulate interest in the movement 
among the engineers of the United States. 

Code Committee.-The Code Committee has continued to represent 
e Institute on the Electrical Committee of the National Fire Protection 
. ssocia ion. Several sub-committee meetings on various subjects have 
been held during the year, and the Institute has been represented by one 
or rnore members of the Code Committee at each of such meetings: 

vear Constitution adopted last 

IcriONs n^tllT supervision of the annual Trans- 

on thi, appropriation for carrying 

:n s f chart If rT mT- PKocEEomGS. which are LJ 

regime the Id it p and Papers Committee. Under the new 

ACTinvc T? Committee has arranged to publish the 1916 Teans- 

and n spring covenng the half-years ending June 30 

a total of 2006 aoulicatmnc: oU i recommendations 

ment: ‘ yeans given in the following state- 


Applications foe Admission. 
Recommended for grade of Associate 
Aot recommended for grade of Associate. 

Recommended for grade of Member 
Not recommended for the grade of Member’, 

Recommended for grade of Fellow. 

Aot recommended for Fellow.. 

Recommended for enrolment as students. 


938 

3 

67 

33 

2 

2 

856 


941 

100 

4 

856 
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Applications for Transfer. 

Recommended for grade of Member. 57 

Not recommended for grade of Member. 21 78 

Recommended for grade of Fellow. 12 

Not recommended for grade of Fellow. 15 27 

Total number of applications considered. 2006 

Applications reconsidered. 47 

Admission and transfer all grades. 2053 


Membership Committee.—The Membership Committee this year 
included the chairman of each local Section Membership Committee 
and six members at large. Its work, therefore, was founded principally 
upon Section activity. Pour meetings were held by the committee 
during the year. 

The membership booklet containing information regarding the object, 
scope and work of the Institute was revised by rearranging the material, 
the incorporation of cuts, and including for the convenience of applicants, 
a tabulation of the critical facts in regard to applications. A booklet 
relating to Student enrolment was prepared and published. 

Following the custom established by the Membership Committee of 
last year, the present committee cooperated with the New York office in 
the collection of dues from delinquent members with gratifying success. 

The following tabulated statement shows the total number of appli¬ 
cations received, also the additions, deductions, and net increase in the 
membership for the year. A study of these shows the direct effect of the 
work through the Sections, inasmuch as almost twice as many applica¬ 
tions were received from Section territory as from outside, whereas the 
ratio in the past has generally been about one to one. 



Honorary 

Member 

Fellow 

Member 

Associate 

Total 

Membership, April 30, 1916. 

5 

454 

1137 

6616 

8212 

Additions: 


8 

65 



Transferred. 


895 


New Members Qualified... 


1 

57 


Reinstated. 



3 

24 


Deductions: 



8 

35 


Died. 

1 

4 


Resigned. 

Transferred. 


1 

7 

6 

118 

67 


Dropped... 



15 

293 


Membership, April 30,1917 .. 

4 

458 

1226 

7022 

8710 

yf QQ 


ISfet increase in membership during the year 
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Deaths .—The following deaths have occurred during the year: 

Honorary Member.—Dr. Silvanus P. Thompson. 

Fellows.—Henry Floy, William Stanley, A. C. Eastwood, Henry G. 
Stott. 

Members,—F. C. Green, Judson H. Boughton, Charles H. Champion, 

F. W. Myers, Robert E. Noyes, Charles Guckel, A. C. Einstein, Joseph P. 
Davis. 

Associates.“John W. Beyer, E. M. Barton, W. C. Janney, Nathan A. 
Dreyfus, John H. Wilson, Louis S. Baird, A. Nielsen, R. H. Harrison, 
Harold Lomas, Porter Eveland, Prank B. McSoley, G. W. Krause, M. 
Pfatischer, H. P. Collins, N. L. Jennings, Louis E. Reynolds, J. G. M. 
Connally, J. D. Simpson, J. A. Shepard, John A. Barrett, W. Schlombs; 
Stewart E. Padfield, Bayse N. Westcott, Arthur J. Howard, Frederic H. 
Reed, Robert S. Orr, Fred F. Paulsell, William Brophy, P. P. Spaulding, 

G. Henry Hill, George H. Usher, T. K. Arunachela-Iyer, F. W. Roeblin^,' 

H. J. Bildhauser, J. H. Steele. 

Total deaths, 48. 

Finance Committee—The following correspondence and financial 
statements form a complete summary of the work of the Finance Commit¬ 
tee of the year. 


New York, May 16, 1917. 

Board of Directors, 

American Institute of Electrical Engineers. 

Gentlemen: 


Your Finance Committee respectfully submits the following report for 
the year ending April 30, 1917. 

Dunng the past year the committee has held monthly meetings, has 
passed upon the expenditures of the Institute for various purposes and 
otherwise performed the duties prescribed for it in the Constitution and 
By-laws. Haskins & Sells, certified public accountants, have audited 
the books, and their certification of the Institute finances follows. 

Xn company with your Secretary, and a representative of the firm of 
accountants, the committee has examined the securities held by the In¬ 
stitute and finds them to be as stated in the accountants’ report, 
that notwithstanding the unugual conditions 

the activities of the Institute without curtailment and, as indicated in 

iSinT37”® t? of the Institute 

are m a very favorable condition. 


Respectfully submitted, 

(Signed) J. FRANKLIN STEVENS, 

Chairman, Finance Committe. 
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new YORK 

CHICAGO 

ST. LOUIS 

CLIVEUANO 

BALTIMORE 

PITTSBURGH 


HASKINS 8i SELLS 

CERTIFIED PUBLIC ACCOUNTANTS 


CABLE ADDRESS “hASKSELLS” pftANClSCO 

30 BROAD STREET l_OS ANGELES 

NEW YORK DENVER 

ATLANTA 

WATERTOWN 

LONDON 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
CERTIFICATE 

We have audited the books and accounts of the American Institute of 
Electrical Engineers for the year ended April 30, 1917, and 

We Hereby Certify that the accompanying General Balance Sheet 
properly sets forth the financial condition of the Institute on April 30, 
1917, that the Statement of Income and Profit and Loss for the year ended 
that date is correct, and that the books of the Institute are in agreement 

HASKINS & SELLS, 

Af'rnnntantS 


New York, 

May 12, 1917. 
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AMERICAN INSTITUTE OF 
Exhibit A. General Balance Sheet 

Assets. 

Land and Building: 

Interest in United Engineering Society’s Real Estate, No. 

-25 to 33 West 39th Street: 


Land (One-third of Cost). 1180,000,00 

Building. 353,346.61 


Total Land and Building. 1533 346.61 

Equipment; 

Library—Volumes and Fixtures. $ 39,879.80 

Works of Art, Paintings, etc. 3,001.35 

Office Furniture and Fixtures. 11,470.06 


Total. S54,351.21 

Less Reserve for Depreciation. 8,104,78 

Remainder—Equipment. $ 46,246 43 

Investments: 

Bonds —City of Wilmington, Delaware, 4>4%f 1934, Par 

115,000. $ 15,886.33 


Working Assets: 

Publications entitled "Transactions,” etc. $ 12,884.25 

Paper and Cover Paper . 1,173.85 

Badges. 647.15 


Total Working Assets. $ 14,705.25 

Current Assets: 

Cash.$11,291.95 

Accounts Receivable: 

Members for Past Dues. 9,635.06 

Advertisers. 494.20 

Miscellaneous. 569.72 

Due from Societies Affiliated in National Defense Movement . 653.77 

Accrued Interest on Investments. 56.25 

Accrued Interest .gn Bank Balances. 172.34 


Total Current Assets. 

Funds: 

Life Membership Fund; 

Cash. $ 438.67 

Chicago, Burlington & Quincy Railroad Company 

Bonds, 4%, 1958, Par $5,000 . 4,868.75 

Accrued Interest. 33.33 

- $ 

International Electrical Congress of St. Louis— 

Library Fund: 

Cash. $ 850.59 

New York City Bonds, 4l^%, 1957, Par 

$2,000.00... 2,255.09 

Accrued Interest . 45.00 


$ 22,873.29 


5,340.75 


3,150.68 


Mailloux Fund: 

Cash.I 122.35 

New York Telephone Company Bond, 4K%. 1939 1,000.00 

Accrued Interest . 22.50 1,144.85 

Midwinter Convention Fund—Cash. 95.80 

$ 9,732.08 

750.00 
$643,539.99 


Total Funds. 

Dues Paid in Advance—International Electrotechnical 

Commission, London, England. 

Total. 
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ELECTRICAL ENGINEERS 
Afkil 30, 1917. 

Liabilities. 

thiRR-ENT Liabilities: 

Accounts Payable—Subject to Approval by the -Finance 

Committee. $ 8,38S.29 

Dues Received in Advance . 2,097.69 

Entrance Fees and Dues Advanced by Applicants for Member¬ 
ship. 310,50 


Total Current Liabilities.. $ 10791.48 

Fund Reserves: 

Lrife Membership Fund.$ 5,340.75 

International Electrical Congress of St. Louis—Library Fund.. 3,150.68 

Mailloit.x Ftmcl. 1,144.85 

Midwinter Convention Fund... 95.80 


Total Fund Reserves. $ 9,732.08 

Surplus: Per Exhibit “B”. 1623,016.43 



Total, 


$643,539.99 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


Statement of Income and Profit and Loss 


For the Year Ended April 30, 1917 

Exhibit B. 


Revicnue: 


Entrance Fees... ^ 

Dues. 

Student’s Dues. 

Transfer Pees. 

Advertising. 

Subscriptions. 

Sales of “Transactions,” etc. 

Badges Sf)ld. $2,283.00 

Less Cost. 1,966 11 


Interest on Investments.. . 
Interest on Bank Balances. 
E.\ehangc. 


5,207 00 
92,177.08 
4,989.00 
705.00 
7,162.20 
3,147.55 
2,782.33 


316.89 

675.00 

650.33 

31.30 


Total 


$117,843 68 


Bxpknsks: 


Meetings find Papers Committee: 

Salaries, Editorial Department.5 

Paper and Cover Paper. 

Engraving Proceedings. 

Printing Proceedings. 

Binding and Mailing Proceedings. 

Envelopes.'. 

Stationery and Miscellaneous Printing. 

Ccncral Expenses. 

Meetings. 

National Meeting, May 16, 1910. 

Joint Meeting—American Association for the 

Advancement of Science. 

Volume No. 33, Transactions. 

Volume No. 34. “ . 

Volume No. 35. “ . . 


5.944.16 
3.665.55 
1,587.49 
6,715.61 
3.880.60 
823.44 
79.75 
87.18 
5,596.98 
1,419.89 

169.50 

15.01 

14.514.21 

1,824.84 


Total 


$ 46,324.21 


Deduct Increase in Inventory of Publications: 

May 1. .. 

April 30, 1917. 


$10,908.50 

12,884.25 1.975.75$ 44,348.46 


Executive Department: 

Salaries. 

(lencral Expenses. 

United Engineering Society—Assessments, 

Express. 

Postage. 

Advertising... 

Stationery and Miscellaneous Printing.. . . 
Year Book and Catalogue. 


$ 17,299.00 
2,550.81- 
4,800.00 
294.54 
2,047.80 
2.149.47 
3,516.45 

3,103.32$ 35,761.39 


Forward 


$ 80,109.85 


Revicnue— (Forward) 


$117,843.68 
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Revenue —(Forward).$117,843.68 

Expenses —(Forward).$ 80,109 85 

Sections Committee: 

Section Meetings.$ 5,938.51 

Branch Meetings. 183.10 

Delegates’ Convention Expenses . 1,436,92 

Salaries, New York Office. 2,340.00 

Stationery and Printing, New York Office.. 672.30 

Express on Advance Copies. 26 13 $ 10,596.96 


General; 

Library Assessment, United Engineering S.n-iety. $ 4,000 00 

Membership Committee. 1,051.44 

Finance Committee. 150.00 

Standards Committee. 778.52 

Code Committee. 30.00 

National Defense Committee. 803.24 

Pan American Engineering Conimillee. 25.00 

Constitutional Revision Committee. 73.35 

International Engineering Congress, 1915. 1,800.00 

Annual Dues, International Electrotechnical ('ommissiun.... 250.00 

John Fritz Medal Award. 109.20 

President’s Special Appropriation. 341.92 

Salary and Traveling Expenses, Iloimrary Secretary. 4,421.28 13,833.95 


Total.$104,540.76 

Add: 

Increase in Accounts Payable -Subject t(» Approval by the 
Finance Committee, Expenses Undistributed at: 

May 1,1916. $ 7,146.64 

April 30, 1917, not including Liability of $708.20 incuired 
for Account of Societies Affiliated in National Defense Move¬ 
ment. 7,675.09 528.45 


Total Expeiu.er..$105,069.21 


Net Revenue .® 12,774.47 

Profit &, Loss Creoit- Accessions tt» Idbrary V«dinncs and Fixtures . 662,50 


Gross Surplus for Tiiii; Year.I 13,436.97 

Profit & Loss Ciiarcies: 

Uncollectible Dues Written Oil... .. $ 3,051.00 

Provision for Depreciation of Furniture and Fi.Ktnre.s. 1,329 65 

Amortization of Pretnium tm (*ity of Wilmington, Delaware, 

4y^% Bonds of 1934 . 52.50 


Tofel. 4,433.15 


Net Surplus for the Ypl\k. ^ 9,003.82 

Surplus, May 1, 1910... 014,012.61 


Surplus. April 30, 1917 ... $623,016.43 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

Statement of Cash Receipts and Donations for Designated Pur¬ 
poses. Also Disbursements, for the Year Ended April 30, 1917. 


Exhibit C. 


Receipts: 

Life Membership Fund.; • • •;. 

International Electrical Congress of St. Louis Library 

and Royalties. 

Mailloux Fund—Interest. 

Midwinter Convention Fund—Interest. 


Fund—Interest 


Total 


$365.86 

94.20 
45.00 
3 16 


$508.22 


Disbursements: 

Life Membership Fund.., ... 

Mailloux Fund. 

Midwinter Convention Fund. 


277.08 

26.75 

66.29 


Total, 


$370.12 


receipts and, disbursements per year per member. 


During each fiscal year 


Year ending April 30. 

Membership, April 30, each 
year. 


1910 

6681 


1911 

7117 


for the past eight years. 

1912 1913 1914 

7459 7654 7876 


1915 1916 

8054 8212 


1917 

8710 


Receipts per Member.$13.35 

Disbursements per Member 12.03 


$13 37 $13.19 $13.45 $14.08 $14.06 $13.62 $13.30 
11.03 12.44 15.57 12.86 13 54 13 74 12 75 


Credit Balance per Member $1.32 $2.34 $.75*12.12 $1.22 $.52*1.12 $.55 

* Deficit. 


Respectfully submitted for the Board of Directors, 

F. L. HUTCHINSON, Secretary. 


New York, May 18, 1917. 
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1. EDUCATION 

INDUSTRIAL RESEARCH AND THE COLLEGES 
A. E. iCennelly xxxvi—1917, pp. 833-839 

An outline of the proper relationship that should exist in the industrial 
leseaich field between the pure science college, the technical college and 
the industries, themselves. 

Discussion incorporated with that of paper by P. B. Jewett on “Indus¬ 
trial Reseai'ch with Some Notes Concerning its Scope in the Bell Tele¬ 
phone System.’' 

INDUSTRIAL RESEARCH WITH SOME NOTES CONCERNING ITS SCOPE IN 
THE BELL TELEPHONE SYSTEM 

F. B. Jewett Vol. xxxvi—1917, pp. 841-855 

The interrelation of industrial and “pure science” research and the 
restrictions which must be imposed to insure mutual existence. A brief 
outline of the scope and progress of industrial research in the Bell Tele¬ 
phone System. 

Discussion (including that of paper by A. E. Kennedy), pages 856-869, 
by Mesjsrs. V. Karapetoff, A. M. Gray, E. P. Hyde, L. F. Morehouse, C. 
H. Sharp, W. I. Slichter, H. Pender, H. A. Hornor, R. W. Pope, C. F. 
Scott, A. E. Kennedy and E. B. Craft. 

A general discussion. 

INDUSTRIAL RESEARCH AND ITS RELATION TO UNIVERSITY AND GOVERN¬ 
MENTAL RESEARCH 

C. E. Skinner Vol. xxxvi—1917, pp. 871-882 

1. Introduction emphasizing the great activity in all branches of 
research at the present time. 

2. A division of research activities into three principal classes, univer- 
sity, governmental and industrial. 

8. A statement that the principal function of university research 
should be to train research men and some suggestions as to the type of 
training required. 

4. A brief .statement of the function of governmental research which 
has to do with such things as the development and conservation of our 
natural resources, the national defense and the promotion of those things 
which are for the benefit of the whole people. 

5. A brief description of the Research Division of the Westinghouse 
Electric & Manufacturing Company, its rise and its relation to other 
departments. 

6. A statement of the desirability of co-opetatiqm ainong all agencies 
engaged in^research. 
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Discussion, pages 883-903, by Messrs. B. A. Behrend, V. Karapetoff, 
C. E. Skinner, H. Pender, O. Smith, L. W. Chubb, C. A. Adams, W. Mc¬ 
Clellan, A. M. Gray, W. L. R. Emmett and N. S. Diamant. * 

A general discussion with special emphasis on the research problems 
involved in the development of the turbo-generator. 

2. GENERAL THEORY 

OSCILLATING-CURRENT CIRCUITS BY THE METHOD OF GENERALIZED 
ANGULAR VELOCITIES 

V. Bush Vol. xxxvi—1917, pp. 207-221 

In the same way that alternating-current theorems are obtained, by 
generalized d-c. theorems, the author obtains oscillating-current theorems 
by still further generalization. Kirchoff's law is generalized and a simple 
method of determining gen(Talized angular velocities, frequencies and 
decrements of free oscillation obtained. Examples are given to show 
method of procedure. A list of symbols is given at end of paper. 

Discussion, pages 222-234, by Messrs. A.^E. Kennelly, C. Fortescue, 
H. Fletcher, T. C. Fry, V. Bush and A. Press. 

A general discussion of the application and value of the author's meth¬ 
od of solution of oscillating-current circuits. 


AN EXPERIMENTAL METHOD OF OBTAINING THE SOLUTION OF ELECTRO¬ 
STATIC PROBLEMS WITH NOTES ON HIGH-VOLTAGE BUSHING DESIGN 
Chester W. Rice Vol. xxxvi—1917, pp. 906-1061 

The electrodynamic method for obtaining the solution of electrostatic 
and allied problems is developed to a high degree of accuracy and then 
applied to the study of high-voltage bushings. An experimental high- 
air-efficiency bushing was built and tested and also a series of small 
bushings. An appendix gives unexpurgated mathematical solutions of 
two flow problems. 

Discussion, pages 1052-1072, by Messrs. R. Mershon, C. 0. Mailloux, 
J. B. Taylor, A. M. Gray, C. L. Fortescue, E. D. Eby, F. W. Peek, Jr., 
M. E. Tressler, H. 0. Stevens, S. W. Farnsworth, S. Haar, B. A. Behrend, 
J. B. Morrill and C. W. Rice. 

A general discussion of the problems encountered in bushing design. 


3. UNITS, MEASUREMENTS AND INSTRUMENTS 

INTERNAL TEMPERATURES OF A-C. GENERATORS 
Ralph Kelly Vol. xxxvi—1917, pp. 79-94 

The paper deals with the internal temperatures of a number of typical 
large a-c. generators; this temperature being measured by a thermo-couple 
placed between armature coils in the same slot and in the center of the 
core. The difference between these measured internal temperatures and 
the corresponding surface temperatures is explained by the aid of the 
tests and of calculations. A method of calculation for internal tempera¬ 
tures is given based on simple heat laws and on data from tests. By 
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means of the tests and of parallel calculations, the effect on the mternal 
temperature of changes in frequency, core length, thickness and quality 
of insulation, armature current density and core densities, is explained. 
The capacity of the end windings to dissipate heat from the center of the 

core is also discussed. ^ ^ ^A w 

Discussion, pages 95-104, by Messrs. Henry G. Reist, ^ ^clams, W. 

F. Dawson, FI. M. Hobart, Alexander Gray and Ralph K.elly. 

A discussion of the various methods and means of tetnperatuie measure¬ 
ment and methods of ventilation of generators, radial vs. axial, etc. 


THE ELECTRIC STRENGTH OF AIR—VII 
J. B. Whitehead and W. S. Brown Vol. X3cxvi-1917, pp. 169-198 

In view of the variation among the values obtained by different observ¬ 
ers, this paper aims to make a careful determination of coiona-forming 
voltages for alternating and for positive and negative continuous voltages 
in the same apparatus and under the same conditions. 

The values with alternating voltage coincide with those of negative 
continuous voltage. Positive continuous voltage therefore forms corona 

at the lowest value. ^ i • u u 

The observations on the negative corona give values higher than any 

heretofore obtained. ^ ^ .... 

Other experiments are described, giving qualitative indications ot the 
correctness of Townsend's theory of ionization by collision. ^ 

Discussion (including that of paper by J. W. Davis and 0. S. Breese), 
pages 199-205, by Messrs. Saul Dushman, J. B. Taylor, L. W. Chubb, F. 
w!^Peek, Jr., and J. B. Whitehead. 

A general discussion. 


COOLING OF OIL-IMMERSED 
V”. M. Montsinger 


TRANSFORMER WINDINGS AFTER SHUT-DOWN 
Vol. xxxvi—1917, pp. 711-730 


The 1910 A. I. E. E. Rules require temperature rise of transformer 
windings be observed by resistance method. This requires time and 
therefore temperature drop. The author describes three general meth¬ 
ods of determining temperature at shut-down. Under “Conclusions 
the general advantages and disadvantages of each meth<«l are given. In 
the Appendix are developed certain formulas used in the papei. 

DiZssion, pages 731-734. by Messrs. A. S. McAllister, V. M. Mont- 
singer, F. F. Brand, L. F. Blumc and W. C. Smith, 

A general discussion. 


MAGNETIC FLUX DISTRIBUTION IN ANNULAR STEEL LAMINAE 
A. E. Kennelly and P. L. Alger Vol. xxxvi -1917, pp. 1118-1131 

The distribution of alternating magnetic flux density in ring laminae is 
studied experimentally. It is found to differ materially at dilTcrent radii, 
not only in root-mean-square magnitude, but also in wave form. le 
reasons for this distortion arc discussed. 


Discussion, pages 1132-1156, by Messrs. B. A. Behrend, L. W. Chubb, 
V. M. Montsinger, A. S. McAllister, C. O. Mailloux, A. M. Dudley, 1. W. 
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Peek, Jr., G. B. Thomas, P. L. Alger, A. E. Kennelly, W. V. Lyon and 

L. N. Robinson. 

' A general discussion. 


4. INSULATION AND DIELECTRIC PHENOMENA 

CORONA AND RECTIFICATION IN HYDROGEN 
J. W. Davis and C. S. Breese Vol. xxxvi—1917, pp. 153-168 

The results of an investigation of the corona discharge between co-axial 
cylinders in an atmosphere of hydrogen are given in this paper. 

Both direct and alternating electromotive forces were used. The char¬ 
acteristic behavior of the corona is given by means of curves, photographs 
and oscillograms. 

Corona in hydrogen between concentric cylinders is shown to be a 
practicable method for rectifying high-potential alternating currents. 

The apparent evidence of ionization potential gradients at the surface 
of -the tube and the general character of the visual phenomena are dis¬ 
cussed. 

A brief statement of conclusions is given. 

Discussion, incorporated with that of paper by J. B. Whitehead and W. 
S. Brown on “The Electric Strength of Air-VII”. 

THE ELECTRIC STRENGTH OF AIR—VII 
J. B. Whitehead and W. S. Brown Vol. xxxvi—1917, pp. 169-198 

In view of the variation among the values obtained by different observ¬ 
ers, this paper aims to make a careful determination of corona-forming 
voltages for alternating and for positive and negative continuous voltages 
in the same apparatus and under the same conditions. 

The values with alternating voltage coincide with those of negative 
continuous voltage. Positive continuous voltage therefore forms corona 
at the lowest value. 

The observations on the negative corona give values higher than any 
heretofore obtained. 

Other experiments are described, giving qualitative indications of the 
correctness of Townsend’s theory of ionization by collision. 

Discussion (including that of paper by J. W. Davis and C. S. Breese), 
pages 199-205, by Messrs. Saul Dushman, J. B. Taylor, L. W. Chubb, F. 
W. Peek, Jr., and J. B. Whitehead. 

k general discussion. 

THE INFLUENCE OF DIELECTRIC LOSSES ON THE RATING OF HIGH-TENSION 
UNDERGROUND CABLES 

A. F. Bang and H. C. Louis Vol. xxxvi—1917, pp. 431-446 

This paper describes a series of tests made to determine the dielectric 
losses in various kinds of 13,000-volt cable. These losses were found to 
increase greatly with the temperature and thus become an important 
factor in the rating of such cables. A method is developed whereby the 
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influence of these losses on the rating can be approximately calculated 
for duct lines with uniformly loaded cables. 

Discussion incorporated with that of paper by W. S. Clark and G. B. 
Shanklin on “Insulation Characteristics of High-Voltage Cables”. 

INSULATION CHARACTERISTICS OF HIGH-VOLTAGE CABLES 
W. S. Clark and G. B. SkankUn xxxvi 1917, pp. 447-493 

The insulation characteristics of different types of single- and three- 
conductor cable, determined largely by dielectric energy loss measure¬ 
ments, are discussed in detail. Particular attention is given to paper- 
insulated cable, both new cable and cable that has been in service being 
considered. Varnished cambric and different grades of rubber insulation, 
as well as cable compounds are also dealt with briefly. 

Discussion (including that of paper by John L. Harper, D. W. Roper, 
A F. Bang and H. C. Louis), pages 494-526, by Messrs. W. I. Middleton, 
c'. L. Dawes, Philip Torchio, C. W. Davis, H. R. Woodrow, J. B. White- 
head, D. W. Roper, A. F. Bang, C. A. Adams, W. S. Clark, D. Du Bois, 
E. b’. Meyer, J. L. Harper, C. N. Rakestraw, H. E. Weightman, P. H. 
Chase, R. W. Atkinson, H. W. Fisher, A. F. Hovey and H. C. Louis. 

A general discussion with experiences and data on cables and cable 
joints acquired in practise. 


W. D. Peaslee 


THE INSULATOR SITUATION 

Vol. xxxvi—1917, pp. 527-633 


This pa])er gives a resume of the insulator situation as it exists at the 

present time. . i i • i.- j? 

A statement of the apparent causes of the very rapid deteriorabon ot 

insulators, even when stored and subject to no electric stress is given, and 
the conditions necessary to the production of an insulator that will reduce 

this deterioration cost are discussed. 

Microphotographs showing the structure of the porcelain from several 
insulators are given. Three means are given for improving the insulator 

situation. ^ . u-n 4 . 

Discussion incorporated with that of paper by A. 0. Austin on Presen 
Practise in the Design and Manufacture of High-Tension Insulators . 


EXPANSION EFFECTS AS A CAUSE OF DETERIORATION IN SUSPENSION TYPE 

INSULATORS 

^ _ ,. Vol. xxxvi—1917, pp. 635-544 

J. A. Brundige 

In seeking causes for the rapid deterioration which has been encountered 
in suspension type insulators, two leading hypotheses, viz., porosity and 
mechanical cracking through expansion effects, have been advanced by 
different groups of investigators. These are briefly outlined in the paper, 
after which the author presents data in support of the latter. Some ot 
the operating problems attendant upon insulator deterioration are also 


discussed. 

Discussion incorporated with that of paper by A. 0. Austin on “Present 
Practise in the Design and Manufacture of High-Tension Insulators . 
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PRESENT PRACTISE IN THE DESIGN AND MANUFACTURE OF HIGH-TENSION 

INSULATORS 

A. O. Austin Vol. xxxvi—1917, pp. 545-562 

Rapid development in the transmission field has rendered the early 
insulator obsolete. As causes of losses have become evident, means have 
been found to eliminate them. Study of operating conditions has materi¬ 
ally changed the insulator situation. Porosity loss has been reduced to a 
minimum by improved firing and closer selection. To prevent trouble on 
old lines it may be necessary to give the insulators a temperature as well 
as an electrical test. Trouble on modern insulators is prevented by care¬ 
ful attention to temperature gradient, increased mechanical strength and 
lowering internal stresses by an elastic joint. 

Discussion (including that on papers by W. D. Peaslee and J. A. 
Brundige), pages 563-595, by Messrs. H. J. Ryan, J. C. Clark, P. Torchio, 
E. E. F. Creighton, E. M. Hewlett, P. H. Thomas, J. B. Taylor, C. F. 
Harding, J. T. Barron, J. A. Brundige and A. 0. Austin. 

A general discussion of the insulator situation with much data from 
practise. 

AN EXPERIMENTAL METHOD OF OBTAINING THE SOLUTION OF ELECTRO¬ 
STATIC PROBLEMS WITH NOTES ON HIGH-VOLTAGE BUSHING DESIGN 
Chester W. Rice Vol. xxxvi—1917, pp. 905-1051 

The electrodynamic method for obtaining the solution of electrostatic 
and allied problems is developed to a high degree of accuracy and then 
applied to the study of high-voltage bushings. An experimental high- 
air-efficiency bushing was built and tested and also a series of small 
bushings. An appendix gives unexpurgated mathematical solutions of 
tw'o flow problems. 

Discussion, pages 1052-1072, by Messrs. R. Mershon, C. 0. Mailloux, 
J. B. Taylor, A. M. Gray, C, L. Fortescue, E. D. Eby, F. W. Peek, Jr., 
M. E. Tressler, H. 0. Stevens, S. W. Farnsworth, S. Haar, B. A. Behrend, 
J. B. Morrill and C. W. Rice. 

A general discussion of the problems encountered in bushing design. 

5. ELECTRIC CONDUCTORS 

PROBLEMS OF OPERATION AND MAINTENANCE OF UNDERGROUND CABLES 
John L. Harper Vol. xxxvi—1917, pp. 417-422 

With a view to increasing transmission capacity the causes of failures 
of cables are analyzed and conclusion drawn that overheating is most 
important. Methods of removal of heat from cables are considered and 
recommendations made for flooding conduits with water. 

Discussion incorporated with that of paper by W. S. Clark and G. B. 
Shanklin on “Insulation Characteristics of High-Voltage Cables’'. 

THE FUNDAMENTALS OF SUCCESSFUL HIGH-TENSION CABLE JOINTS 
D. W. Roper Vol. xxxvi—1917, pp. 423-429 

In this paper the author gives specifications intended to apply in general 
to joints on cables operating at voltages above 10,000 and in particular 
to joints operating above 20,000 volts. 
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Discussion incorporated with that of paper by W. S. Clark and G. B. 
Shanklin on “Insulation Characteristics of High-Voltage Cables”. 

THE INFLUENCE OF DIELECTRIC LOSSES ON THE RATING OF HIGH-TENSION 
UNDERGROUND CABLES 

A. F. Bang and H. C. Louis Vol. xxxvi—1917, pp. 431-446 

This paper describes a series of tests made to determine the dielectric 
losses in various kinds of 13,000-volt cable. These losses were found to 
increase greatly with the temperature and thus become an important 
factor in the rating of such cables. A method is developed whereby the 
influence of these losses on the rating can be approximately calculated 
for duct lines with uniformly loaded cables. 

Discussion incorporated with that of paper by W. S. Clark and G. B. 
Shanklin on “Insulation Characteristics of High-Voltage Cables”. 


INSULATION CHARACTERISTICS OF HIGH-VOLTAGE CABLES 
W. S. Clark and G. B. Shanklin Vol. xxxvi—1917, pp. 447-493 

The insulation characteristics of different types of single- and three- 
conductor cable, determined largely by dielectric energy loss measure¬ 
ments, arc discussed in detail. Particular attention is given to paper- 
insulated cable, both new cable and cable that has been in service being 
considered. Varnished cambric and different grades of rubber insulation, 
as well as cable compounds arc also dealt with briefly. 

Discussion (including that of paper by John L. Harper, D. W. Roper, 
A. F. Bang and H. C. Louis), pages 494-526, by Messrs. W. I. Middleton, 
C. L. Dawes, Philip Torchio, C. W. Davis, H. R. Woodrow, J. B. White¬ 
head, D. W. Roper, A. F. Bang, C. A. Adams, W. S. Clark, D. Du Bois, 
E. B. Meyer, J. L. Harper, C. N. Rakestraw, H. E. Weightman, P. PI. 
Chase, R. W. Atkinson, H. W. Fisher, A. F. Hovey and H. C. Louis. 

A general discussion with experiences and data on cables and cable 
joints acquired in practise. 


6. MAGNETIC PROPERTIES AND TESTING OF IRON 

MAGNETIC FLUX DISTRIBUTION IN ANNULAR STEEL LAMINAE 
A. E. KenneUy and P. L. Alger Vol.. xrrvi-1917, pp. 1113-1131 

The distribution of alternating magnetic flux density in ring laminae is 
studied experimentally. It is found to differ materially at different 
not only in root-mcan-square magnitude, but also in wave form. The 
reasons for this distortion arc discussed. 

Discussion, pages n32-U.')(), by Messrs. B. A. Behrend, L. W. Chubb, 
V. M. Montsingcr, A. S. McAllister, C. 0. Mailloux, A. M. Dudley, F. W. 
Peek, Jr., G. B. Thomas, P. L. Alger, A. B. Kennelly, W. V. Lyon and 
L. N. Robinson. 

A general discuss’on. 

9. ELECTRICAL MACHINERY AND APPARATUS 

INTERNAL TEMPERATURES OF A-C. GENERATORS 

_ Vol. xxxvi—1917, pp. 79-94 

Ralph Kelly r . • i 

The paper deals with the internal temperatures of a number of typical 

large a-c. generators; this temperature being measured by a thermo-couple 
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placed between armature coils in the same slot and in the center of the 
core. The difference between these measured internal temperatures and 
the corresponding surface ternperatures is explained by the aid of the 
tests and of calculations. A method of calculation for internal tempera¬ 
tures is given based on simple heat laws and on data from tests. By 
means of the tests and of parallel calculations, the effect on the internal 
temperature of changes in frequency, core length, thickness and quality 
of insulation, armature current density and core densities, is explained. 
The capacity of the end windings to dissipate heat from the center of the 
core is also discussed. 

Discussion, pages 95-104, by Messrs. Henry G. Reist, C. A. Adams, W. 
F. Dawson, H. M. Hobart, Alexander Gray and Ralph Kelly. 

A discussion of the various methods and means of temperature measure¬ 
ment and methods of ventilation of generators, radial vs. axial, etc. 

INDUSTRIAL CONTROLLERS—WITH PARTICCLAR REFERENCE TO THE 
CONTROL OF DIRECT-CURRENT SHUNT MOTORS 
H. D. Janies Vol. xxxvi—1917, pp. 253-273 

Stating former limitations as to regulation of starting current from the 
viewpoint of motor, controller and supply system have been largely 
removed, the author presents a series of tests on 15 and 20 h.p., 230-volt 
d-c. shunt motors, started from rest. The motors are of two types, 
constant and adjustable speed. 

From these tests the author concludes, in part; that it is practical with 
automatic acceleration to use one switch to short-circuit the armature 
resister used with motors as large as 15 h.p.; that the shunt field of small 
adjustable-speed motors can be reduced in one step under normal load 
conditions (this practise can be safely followed up to motors of 50 h.p.); 
and that adjustable-speed motors can use one step resistance for dynamic 
braking. 

Discussion, incorporated with that of paper by K. L. Hansen on "An¬ 
alysis of Starting Characteristics of Direct-Current Motors". 

ANALYSIS OF STARTING CHARACTERISTICS OF DIRECT-CURRENT MOTORS 
K. L. Hansen Vol. xxxvi—1917, pp. 275-299 

In this paper are derived the mathematical expressions for the current, 
speed, torque and power at any time during the acceleration period when 
a shunt, series or compound motor is connected to a supply line. 

Discussion, (including that of paper by H. D. James) pages 300-320, by 
Messrs. C. T. Evans, R. Hellmund, R. G. Widdows, E. J. Murphy, J. H. 
Albrecht, E. H. Martindale, R. H. McLain, A. A. Gazda, J. B. Fisken, 
F. W. Gay, A. Gray, J. P. Mallett, H. D. James and R. L. Goetzenberger. 

A general discussion presenting arguments from actual practise both 
for and against the one-step starter. Special emphasis on flashing. 

TRANSIENT CONDITIONS IN ASYNCHRONOUS INDUCTION MACHINES AND 
THEIR RELATION TO CONTROL PROBLEMS 
R. E. Hellmund Vol. xxxvi—1917, pp. 321-337 

This paper discusses a number of transient conditions existing in 
asynchronous machines immediately after certain changes in the circuit 
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connections are made. The advisability of considering these conditions 
in connection with the control layout for the purpose of eliminating bad 
effects caused thereby, is pointed out. The principal subjects considered 
are undesirable peak currents, which may be caused by the damping 
effect of the short-circuited rotor windings and the over-voltages, which 
are obtained with certain control arrangements. 

Discussion incorporated with that of paper by A. A. Gazda on “Per¬ 
formance of Polyphase Induction Motors Under Unbalanced Secondary 
Conditions”. 

PERFORMANCE OF POLYPHASE INDUCTION MOTORS UNDER UNBALANCED 
SECONDARY CONDITIONS 

A. A. Gazda Vol. xxxvi—1917, p. 339-348 

Continuous operation of the wound-rotor induction motor, when the 
internal resistances in the secondary phases are not equal, is shown to be 
feasible. The effect upon power factor and heating is discussed. Curves 
showing the performance of polyphase motors with single-phase second¬ 
ary are presented. The practical advantages of using unbalanced second¬ 
ary connections are pointed out. 

Discussion (including that of paper by R. E. Hellmund) pages 349-359, 
by Messrs. W. B. Kouwenhoven, A. A. Gazda, R. B. Williamson, H. 

‘ Maxwell, C. Macmillan, A. E. Averett, R. E. Hellmund, A. Simon and 
H. D., James. 

A general discusvsion with detailed explanation of the operation of the 
polyphase motor with single-phavse secondary at half speed. 

FORMS OF ELECTRIC POWER BEST SUITED FOR THE VARIOUS LOADS 
ENCOUNTERED IN THE OPERATION OF BITUMINOUS 
COAL MINES 

R. L. Kingsland Vol. xxxvi—1917, pp. 649-654 

The best form of power to be used in coal mines for drilling, cutting, 
hauling,'pumping, lighting, ventilation. Synchronous converters versus 
motor-generator sets. Location of generating plant and substations. 

Discussion incorporated with that of paper by R. S. Sage on “A New 
Electric Mine Hoist at Butte, Montana”. 

A NEW ELECTRIC MINE HOIST AT BUTTE, MONTANA 
R. S. Sage Vol. xxxvi—1917, pp. 666-671 

A description of equipment in connection with a recent Ilgner-Ward 
Leonard hoist installation at the Elm Orlu-Mining Company, Butte, 
Montana. This installation is one of the two largest of this type in opera-, 
tion in this country. 

Complete data on two sets of tests; the first conducted to analyze a 
typical day’s run and the second to determine efficiency while hoisting 
under known conditions. 

Discussion (including that of paper by R. L. Kingsland), pages 672- 
690, by Messrs. A. S. McAllister, R. L. Kingsland, K. A. Pauly, C. A. 
Adams, H. H. Clark, E. H. Martindale, R. S. Sage, C. M. Means, A. B, 
Kiser, G. Bright, F. J. Duffy, L. C, Ilsley and J. B. Morrill, 

• 'A general dispiisriop, 
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COOLING OF OIL-IMMERSED TRANSFORMER WINDINGS AFTER SHUT-DOWN 
V. M. Montsinger Vol. xxxvi-191T. pp. 711-730 


The 1916 A. I. E. E. Rules require temperature rise of transformer 
wmdings be observed by resistance method. This requires time and 
therefore temperature drop. The author describes three general meth¬ 
ods of determining temperature .at shut-down. Under "Conclusions 
the general advantages and disadvantages of each method are given. In 
the Appendix are developed certain formulas used jn the paper. 

Discussion, pages 731-734, by Messrs. A. S. McAllister, V. M. Mont- 
singer, F. F. Brand, L. F. Blume and W. C. Smith. 

A general discussion. 


11. POWER PLANTS AND CENTRAL STATIONS 


ECONOMICAL COMBINATION OF WATER POWER AND STEAM PLANTS AND 
A CONVENIENT METHOD OF SOLUTION 


H. St. Clair Putnam 


Vol. xxxvi—1917, pp. 691-708 


A determination of the respective economic limits in steam and water 
power plant developments. Formulas are derived for determining total 
annual costs of each type of plant and the most economical combination. 
Certain general conclusions are reached as follows: Practically all watei 
power plants should be developed beyond minimum power available arid 
hence in combination with a steam plant. The economm limit depends 
largely on the value of money, fuel, labor, the increasing efficiency of 
steairi turbines and the location of the enterprise. 

Discussion, pages 709-710, by Messrs. H. R. Summerhayes and H. S. 

Putnam. 

A general discussion. 


ANNUAL LOAD RELIEF MAP, PEAK LOAD AND LOAD FACTOR ANALYSIS 

, Vol xxxvi—1917, pp. 1073-1079 

Wm. Le Roy Robertson 

Description of the annual load relief map which is a device for visualiz- 
ing the entire yearly load of central stations. 

Review of load characteristics, as exemplified by the annual load relief 

Notes on daylight saving relative to the decreasing of peak load, and 
improvement'in load factor. 

Analysis of load factors as applied to "base" and "top" loads demon¬ 
strating the large amount of idle capacity peculiar to central stations. 

Annual load relief map valuable in the study and exemplification of all 
matters having to do with central station loads. 

No discussion. 


13. TRANSMISSION LINES 

PROTECTION OF TRANSFORMER NEUTRALS AGAINST DESTRUCTIVE 
TRANSIENT DISTURBANCES 

Max H. Collbohm ^3cvi-1917, pp. 136-138 

The paper points out the danger to which the neutral point of trans¬ 
formers, connected to long distance transmission lines, are ejeposed 
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through the building up of excessive potentials at this point under condi¬ 
tions of atmospheric lightning. This is due to the fact that the neutral 
point in a bank of Y-connected transformers acts as a reflection point for 
all the waves that are produced by induced lightning. The author 
recommends the installation of lightning arresters at the neutral point to 
provide a discharge path for the excess potential, which according to 
measurement with the spark gap, may reach values of 350,000 volts, and 
higher. 

Discussion, (including that of papers by J, Allen Johnson and P. B. 
Juhnke) pages 139-152, by Messrs. F. H. Kierstead, H. R. Woodrow, P. 
B. Juhnke, A. R. Cheyney, L. F. Blume, J. B. Taylor, R. F. Schuchardt, 
H. R. Summerhayes, C. A. Adams, J. A. Johnson, V. Karapetoff, A. L. 
Harrington and M. H. Collbohm. 

A general discussion of the use of reactors and expressions of opinion on 
the accuracy of Mr. Collbohm’s deductions. 

RELAYS FOR HIGH-TENSION LINES 

Philip Torchio Vol. xxxvi—1917, pp. 361-376 

The author describes the various arrangements of relays found desir¬ 
able with the following transmission systems; radial feeders not in paral¬ 
lel; radial feeders in paralle'; single lines in tandem; two or more 
parallel lines in tandem; single-line ring systems; parallel-line ring 
systems; tie lines; Appendices A, B, C describe connections of reverse- 
power relays, relay testing and a special installation. 

Discussion incorporated with that of paper by R. F. Schuchardt on 
“The Protective Equipment on the System of the Commonwealth Edison 
Company". 

THE PROTECTIVE EQUIPMENT ON THE SYSTEM OF THE COMMONWEALTH 
EDISON COMPANY 

R. F. Schuchardt Vol. xxxvi—1917, pp. 377-389 

The paper describes briefly the system of the Commonwealth Edison 
Company of Chicago with special reference to the protective devices 
installed thereon. 

Discussion (including that of paper by Philip Torchio) pages 390-416, 
by Messrs. H. R. Summerhayes, Wm. H. Cole, E. B. Mayer, L. N. 
Crichton, J. R. Craighead, O. C. Traver, A. A. Meyer, J. B. laylor, H. 
L. Wallau, J. S. Jenks, Philip Torchio, R. F. Schuchardt, N. L. Pollard 
and Chester Lichtenberg. 

A general discussion of the arrangements described and various com¬ 
binations of relays used on other systems with special emphasis on the 
split-conductor cable. 


PROBLEMS OF OPERATION AND 
John L. Harper 


MAINTENANCE OF UNDERGROUND CABLES 
Vol. xxxvi—1917, pp. 417-422 


With a view to increasing transmission capacity the causes of failures 
of cables are analyzed and conclusion drawn that overheating is most 
important. Methods of removal of heat from cables are considered and 
recommendations made for flooding conduits with water. 
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Discussion incorporated with that of paper by W. S. Clark and G. B. 
Shanklin on “Insulation Characteristics of High-Voltage Cables”. 

THE FUNDAMENTALS OF SUCCESSFUL HIGH-TENSION CABLE JOINTS 
D. W. Roper Vol. xxxvi—1917, pp. 423-429 

In this paper the author gives specifications intended to apply in genera^ 
to joints on cables operating at voltages above 10,000 and in particular 
to joints operating above 20,000 volts. 

Discussion incorporated with that of paper by W. S. Clark and G. B. 
Shanklin on “Insulation Characteristics of High-Voltage Cables”. 

THE INFLUENCE OF DIELECTRIC LOSSES ON THE RATING OF HIGH-TENSION 
UNDERGROUND CABLES 

A. F. Bang and H. C. Louis Vol. xxxvi—1917, pp. 431-446 

This paper describes a series of tests made to determine the dielectric 
losses in various kinds of 13,000-volt cable. These losses were found to 
increase greatly with the temperature and thus become an important 
factor in the rating of such cables. A method is developed whereby the 
influence of these losses on the rating can be approximately calculated 
for duct lines with uniformly loaded cables. 

Discussion incorporated with that of paper by W. S. Clark and G. B. 
Shanklin on “Insulation Characteristics of High-Voltage Cables”. 

INSULATION CHARACTERISTICS OF HIGH-VOLTAGE CABLES 
W. S. Clark and G. B. Skanklin Vol. xxxvi—1917, pp. 447-493 

The insulation characteristics of different types of single- and three- 
conductor cable, determined largely by dielectric energy loss measure¬ 
ments, are discussed in detail. Particular attention is given to paper- 
insulated cable, both new cable and cable that has been in service being 
considered. Varnished cambric and different grades of rubber insulation, 
as well as cable compounds are also dealt with briefly. 

Discussion (including that of paper by John L. Harper, D. W. Roper, 
A. F. Bang and H. C. Louis), pages 494-526, by Messrs. W. I. Middleton, 
C. L. Dawes, Philip Torchio, C. W. Davis, H. R. Woodrow, J. B. White- 
head, D. W. Roper, A. F. Bang, C. A. Adams, W. S. Clark, D. Du Bois, 

E. B. Meyer, J. L. Harper, C. N. Rakestraw, H. E. Weightman, P. H. 
Chase, R. W. Atkinson, H. W. Fisher, A. F. Hovey and H. C. Louis. 

A general discussion with experiences and data on cables and cable 
joints acquired in practise. 

TRANSMISSION LINE DESIGN 

F. K. Kirsten Vol. xxxvi—1917, pp. 736-788 

This paper contains a complete mathematical analysis‘of the forces 
which determine the location in space of a cable suspended from points of 
equal elevation, and gives the designer and constructing engineer of a 
transmission line some useful working formulas based on this analysis. 

Solutions of typical design problems are given in each section of the 
paper demonstrating the use and manipulation of all formulas derived. 
No discussion. 
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design, construction and tests of an artificial power 

TRANSMISSION LINE FOR THE TELLURIDE POWER 
COMPANY OF PROVO, UTAH 

George H. Gray Vol. xxxvi—1917, pp. 789-831 

A description is given of an artificial power-transmission line which 
duplicates an actual transmission system. Methods are given of calcu¬ 
lating the correct distribution of inductance between self and mutual, 
and of calculating the correct distribution of capacity between wire and 
wire, and wire and ground. Various conditions of short circuit are de¬ 
scribed and data presented in the form of oscillograms and vector dia¬ 
grams giving magnitude and phase relations of current and voltage, also 
directions of power fiow. 

No discussion. 

14. ELECTRIC SERVICE DISTURBANCES AND 
PROTECTION 

REACTORS IN HYDROELECTRIC STATIONS 
J. Allen Johnson Vol. xxxvi—1917, pp. 106-124 

The advantages and limitations of current limiting reactors in hydro¬ 
electric stations. The two beneficial results of reactance, protection and 
localization, and the two detrimental results of its use, voltage drop and 
reduction of synchronous stability. The origination of a power surge by 
sudden load loss and the accompanying hunting oscillation is described. 
Actual occurrence of a surge described. 

Discussion, incorporated with that of paper by Max H. Collbohm on 
^‘Protection of Transformer Neutrals Against Destructive Transient 
Disturbances". 

EFFECT OF CURRENT LIMITING REACTORS ON TURBO-GENERATOR SYSTEMS 
UNDER CONDITIONS OF SHORT CIRCUIT 
P. B. Juhnke Vol. xxxvi—1917, pp. 125-134 

An account of a cable breakdown near one of the generating stations of 
the Commonwealth Edison Company’s system. The breakdown result¬ 
ed in a second breakdown on same line within the station, which prevented 
the oil switch from automatically disconnecting the fault. Comparison 
of maximum stresses encountered in the short circuit as it occurred with 
what they might have been without reactors present are made, and the 
conclusion is drawn that without them the damage resulting would have 
been considerable and the service interruption far more general and 
serious. 

, Discussion incorporated with that of paper by Max H. Collbohm on 
“Protection of Transformer Neutrals Against Destructive Transient 
Disturbances". 

PROTECTION OF TRANSFORMER NEUTRALS AGAINST DESTRUCTIVE 
TRANSIENT DISTURBANCES 

Max H. Collbohm Vol. xxxvi—1917, pp. 135-138 

The paper points out the danger to which the neutral point of trans¬ 
formers, connected to long distance transmission lines, are exposed 
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through the building up of excessive potentials at this point under condi¬ 
tions of atmospheric lightning. This is due to the fact that the neutral 
point in a bank of Y-connected transformers acts as a reflection point for 
all the waves that are produced by induced lightning. The author 
recommends the installation of lightning arresters at the neutral point to 
provide a discharge path for the excess potential, which according to 
measurement with the spark gap, may reach values of 350,000 volts, and 
higher. 

Discussion, (including that of papers by J. Allen Johnson and P- B. 
Juhnke) pages 139-152, by Messrs. P. H. Kierstead, H. R. Woodrow, P. 
B. Juhnke, A. R. Cheyney, L. F. Blume, J. B. Taylor, R. F. Schuchardt, 
H. R. Summerhayes, C. A. Adams, J. A. Johnson, V. Karapetoff, A. L. 
Harrington and M. H. Collbohm. 

A general discussion of the use of reactors and expressions of opinion on 
the accuracy of Mr. Collbohm’s deductions. 


RELAYS FOR HIGH-TENSION LINES 

Philip Torchio X3cxvi--1917, pp. 361-375 

The author describes the various arrangements of relays found desir¬ 
able with the following transmission systems; radial feeders not in paral¬ 
lel; radial feeders in parallel; single lines in tandem; two or more 
parallel lines in tandem; single-line ring systems; parallel-line ring 
systems; tie lines; Appendices A, B, C describe connections of reverse- 
power relays, relay testing and a special installation. 

Discussion incorporated with that of paper by R. F. Schuchardt on 
“The Protective Equipment on the System of the Commonwealth Edison 
Company”. 


THE PROTECTIVE EQUIPMENT ON THE SYSTEM OF THE COMMONWEALTH 


R. F. Schuchardt 


EDISON COMPANY 

Vol. xxxvi—1917, pp. 377-389 


The paper describes briefly the system of the Commonwealth Edison 
Company of Chicago with special reference to the protective devices 

installed thereon. a 

Discussion (including that of paper by Philip Torchio) pages 390-41b, 
by Messrs. H. R, Summerhayes, Wm. H. Cole, E. B. Mayer, L. N. 
Crichton, J. R. Craighead, O. C. Traver, A. A. Meyer, J. B. Taylor, H. 
L. Wallau, J. S. Jenks, Philip Torchio, R. F. Schuchardt, N. L. Pollard 
and Chester Lichtenherg. 

A general discussion of the arrangements described and various com¬ 
binations of relays used on other systems with special emphasis on the 
split-conductor cable. 


W. D. Peaslee 


THE INSULATOR SITUATION 

Vol. xxxvi—1917, pp. 627-533 


This paper gives a resume of the insulator situation as it exists at the 

present time. - 4 .- r 

A statement of the apparent causes of the very rapid deterioration ot 

insulators, even when stored and subject to no electric stress is given, and 
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the conditions necessary to the production of an insulator that will reduce 
this deterioration cost are discussed. 

Microphotographs showing the structure of the porcelain from several 
insulators are given. Three means are given for improving the insulator 
situation. 

Discussion incorporated with that of paper by A. 0. Austin on “Present 
Practise in the Design and Manufacture of High-Tension Insulators”. 

EXPANSION EFFECTS AS A CAUSE OF DETERIORATION IN SUSPENSION TYPE 

INSULATORS 

J. A. Brundige Vol. xxxvi—1917, pp. 635-544 

In seeking causes for the rapid deterioration which has been encountered 
in suspenvsion type insulators, two leading hypotheses, viz., porosity and 
mechanical cracking through expansion effects, have been advanced by 
different groups of investigators. These are briefly outlined in the paper, 
after which the author presents data in support of the latter. Some of 
the operating problems attendant upon insulator deterioration are also 
discussed. 

Discussion incorporated with that of paper by A. 0. Austin on “Present 
Practise in the Design and Manufacture of High-Tension Insulators”. 

PRESENT PRACTISE IN THE DESIGN AND MANUFACTURE OF HIGH-TENSION 

INSULATORS 

A. O. Austin Vol. xxxvi—1917, pp. 545-562 

Rapid development in the transmivssion field has rendered the early 
insulator obsolete. As causes of losses have become evident, means have 
been found to eliminate them. Study of operating conditions has materi¬ 
ally changed the insulator situation. Porosity loss has been reduced to a 
minimum by improved firing and closer selection. To prevent trouble on 
old lines it may be ncce.ssary to give the insulators a temperature as well 
as an electrical test. Trouble on modern insulators is prevented by care¬ 
ful attention to temperature gradient, increased mechanical strength and 
lowering internal stresses by an elastic joint. 

Discussion (including that on papers by W. D. Peaslee and J. A. 
Brundige), pages 563-595, by Messrs. H. J. Ryan, J. C. Clark, P. Torchio, 
E. E. F. Creighton, E. M. Hewlett, P. H. Thomas, J. B. Taylor, C. F. 
Harding, J. T. Barron, J. A. Brundige and A. O. Austin. 

A general discus.sion of the insulator situation with much data from 
practise. 

AN EXPERIMENTAL METHOD OF OBTAINING THE SOLUTION OF ELECTRO¬ 
STATIC PROBLEMS WITH NOTES ON HIGH-VOLTAGE BUSHING DESIGN 
Chester W. Rice Vol. xxxvi—1917, pp. 906-1061 

The electrodynamic method for obtaining the solution of electrostatic 
and allied pi'oblems is developed to a high degree of accuracy and then 
applied to the study of high-voltage bushings. An experimental high- 
air-cfficiency bushing was built and tested and also a series of small 
bushings. An appendix gives unexpurgated mathematical solutions of 
two flow problenis, 
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Discussion, pages 1052-1072, by Messrs. R. Mershon, C. 0. Mailloux, 
j. B. Taylor, A. M. Gray, C. L. Fortescue, E. D. Eby, F. W. Peek, Jr., 
M. E. Tressler, H. O. Stevens, S. W. Farnsworth, S. Haar, B. A. Behrend, 
J. B. Morrill and C. W. Rice. 

A general discussion of the problems encountered in bushing design. 

PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS—II 

Lloyd N. Robinson Vol. xxxvi—1917, pp. 1081-1111 

A discussion of exceptional phenomena occurring when single-phase 
translormers arc connected star-star into a three-phase bank. The 
author offers an explanation of the occurrence of odd and even har¬ 
monics, periodically and permanently reversed leg, auto-transformers, 
vibrations and noises, etc. 

Discussion incorporated with that of paper by A. E. Kennedy and P. 
L. Alger on "Magnetic Flux Distribution in Annular Steel Laminae." 

15. DISTRIBUTION SYSTEMS 

FORMS OF ELECTRIC POWER BEST SUITED FOR THE VARIOUS LOADS 
ENCOUNTERED IN-THE OPERATION OF BITUMINOUS 
COAL MINES 

R. L. Kingsland Vol. xxxvi—1917, pp. 649-664 

The best form of power to be used in coal mines for drilling, cutting, 
hauling, pumping, lighting, ventilation. Synchronous converters versus 
motor-generator sets. Location of generating plant and substations. 

Discussion incorporated with that of paper by R. S. Sage on "A New 
Electric Mine Hoist at Butte, Montana". 

16. CONTROL, REGULATION AND SWITCHING 

REGENERATIVE BRAKING OF ELECTRIC VEHICLES 
R. E. Hellmund Vol. xxxvi—1917, pp. 1-66 

'Phis paper discusses the problems met in applying regenerative control 
to electric railways. In the introductory section the purposes, advan¬ 
tages, requirements and disadvantages are pointed out.- The author 
describes in detail the three-phase, the phase-converter and the direct- 
current systems. He also covers the alternating-current commutator- 
motor system and the possibilities of regenerative control with a vapor 
converter system. 

Discussion, pages 57-78, by Messrs. Robert Lundell, C. A. Adams, E. 
F. W. Alexanderson, A. J. Hall, R. E. Ferris, W. V. Turner, H. M. Hobart, 
F. R. Phillips, C. L. Fortescue, K. A. Simon, F. D. Newbury, W. B. 
Potter, N. W. Storer and R. E. Hellmund. 

A general discussion with special emphasis on d-c. systems. 

INDUSTRIAL CONTROLLERS—WITH PARTICULAR REFERENCE TO THE 
CONTROL OF DIRECT-CURRENT SHUNT MOTORS 
H. D- James Vol. xxxvi—1917, pp. 263-273 

Stating former limitations as to regulation of starting current from the 
viewpoint of motor, controller and supply system have been largely 
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removed, the author presents a series of tests on 15 and 20 h.p., 230-volt 
d-c. shunt motors, started from rest. The motors are of two types, 
constant and adjustable speed. 

From these tests the author concludes, in part; that it is practical with 
automatic acceleration to use one switch to short-circuit the armature 
resister used with motors as large as 15 h.p.; that the shunt field of small 
adjustable-speed motors can be reduced in one step under normal load 
conditions (this practise can be safely followed up to motors of 50 h.p,); 
and that adjustable-speed motors can use one stc]) resistance for dynamic 
braking. 

Discussion, incorporated with that of paper by K. L. Hansen on “An¬ 
alysis of Starting Characteristics of Direct-Current Motors”. 

ANALYSIS OF STARTING CHARACTERISTICS OF DIRECT-CURRENT MOTORS 
K. L. Hansen Vol. xxxvi—1917, pp. 275-299 

In this paper are derived the mathematical expressions for the current, 
speed, torque and power at any time during the acceleration period when 
a shunt, series or compound motor is connected to a supply line. 

Discussion, (including that of paper by H. D. James) pages 300-320, by 
Messrs. C. T. Evans, R. Hellmund, R. G, Widdows, E. J. Murphy, J. H. 
Albrecht, E. H. Martindale, R. H. McLain, A. A. Gazda', J. B. Fisken, 
F. W. Gay, A. Gray, J. P. Mallctt, H. D. James and R. L. Goetzenberger. 

A general discussion presenting arguments from actual practise both 
for and against the one-sten starter. vSpecial emphasis on flashing. 

TRANSIENT CONDITIONS IN ASYNCHRONOUS INDUCTION MACHINES AND 
THEIR RELATION TO CONTROL PROBLEMS 
R. E. Hellmund Vol. xxxvi—1917, pp. 321-337 

This paper discusses a number of transient conditions existing in 
asynchronous machines immediately after certain changes in the circuit 
connections are made. The advisability of considering these conditions 
in connection with the control layout for the purpose of eliminating bad 
effects caused thereby, is pointed out. The principal subjects considered 
are undesirable peak currents, which may be caused by the damping 
effect of the short-circuited rotor windings and the over-voltages, which 
are obtained with certain control arrangenuuits. 

Discussion incorporated with that of paper by A. A. Gazda on “Per¬ 
formance of Polyphase Induction Motors Under Unbalanced Secondary 
Conditions”. 

PERFORMANCE OF POLYPHASE INDUCTION MOTORS UNDER UNBALANCED 
SECONDARY CONDITIONS 

A. A. Gazda Vol. xxxvi—1917, pp. 339-348 

Continuous operation of the wound-rotor induction motor, when the 
internal resistances in the secondary phases are nut equal, is shown to be 
feasible. The effect upon power factor and heating is discussed. Curves 
showing the i)erformance of polyphase motors with single-phase second¬ 
ary are presented. . The practical advantages of using unbalanced second¬ 
ary connections are pointed out. 



20 


SYNOPTICAL INDEX 


Discussion (including that of paper by R. E. Hellmund) pages 349-359, 
by Messrs. W. B. Kouwenhoven, A. A. Gazda, R. B. Williamson, H. 
Maxwell, C. Macmillan, A. E. Averett, R. E. Hellmund, A. Simon and 
H. D. James. 

A general discussion with detailed explanation of the operation of the 
polyphase motor with single-phase secondary at half speed. 

17. TRACTION 

REGENERATIVE BRAKING OF ELECTRIC VEHICLES 
R. E. Hellmund Vol. xxxvi-1917, pp. 1-66 

This paper discusses the problems met in applying regenerative control 
to electric railways. In the introductory section the purposes, advan¬ 
tages, requirements and disadvantages are pointed out. The author 
describes in detail the three-phase, the phase-converter and the direct- 
current systems. He also covers the alternating-current commutatoi- 
motor system and the possibilities of regenerative control with a vapor 
converter system. 

Discussion^ pages 57-78, by Messrs. Robert Lundell, C. A. Adams, R. 
F. W. Alexanderson, A. J. Hall, R. E. Ferris, W. V. Turner, H. M. Hobart, 
F. R. Phillips, C. L. Fortescue, K. A. Simon, F. D. Newbury, W. B. 
Potter, N. W. Storer and R. E. Hellmund. 

A general discussion with special emphasis on d-c. systems. 

20. MISCELLANEOUS APPLICATION OF ELECTRICITY 

FORMS OF ELECTRIC POWER BEST SUITED FOR THE VARIOUS LOADS 
encountered in the OPERATION OF BITUMINOUS 
COAL MINES 

R. L. Kingsland Vol. xxxvi-1917, pp. 649-664 

The best form of power to be used in coal mines for drilling, cutting, 
hauling, pumping, lighting, ventilation. Synchronous converters versus 
motor-generator sets. Location of generating .plant and substations. 

Discussion incorporated with that of paper by R. S. Sage on “A New 
Electric Mine Hoist at Butte, Montana’'. 

22. MISCELLANEOUS TOPICS AND INSTITUTE AFFAIRS 

REGENERATIVE BRAKING OF ELECTRIC VEHICLES 
R. E. Hellmund Vol. xxxvi-1917, pp. 1-66 

This paper discusses the problems met in applying regenerative control 
to electric railways. In the introductory section the purposes, advan- 
. tages, requirements and disadvantages are pointed out. 1'he author 
describes in detail the three-phase, the phase-converter and the direct- 
current systems. He also covers the alternating-current commutator- 
motor system and the possibilities of regenerative control with a vapor 
converter system. 

Discussion, pages 57-78, by Messrs. Robert Lundell, C. A. Adams, E. 
F. W. Alexanderson, A. J. Hall, R. E. Ferris, W. V. Turner. H. M. Hobart, 
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h\ R. Phillips, C. L. Fortescue, K. A. Simon, F. D. Newbury, W. B. 
Potter, N. W. Storer and R. E. Hellmund. 

A general discussion with special emphasis on d-c. systems. 

MODERN PHYSICS 

R. A. Millikan Vol. xxxvi—1917, pp. 236-252 

A lecture outline of the developments of modern physics. 

THE ENGINEER’S DESTINY 
President’s Address 

H. W. Buck Vol. xxxvi—1917, pp. 697-601 

ADDRESS BY PRESIDENT-ELECT E. W. RICE, JR. 

Vol. xxxvi—1917, pp. 603-608 


TECHNICAL COMMITTEE REPORTS 

Vol. xxxvi—1917, pp. 609-647 


ECONOMICAL COMBINATION OF WATER POWER AND STEAM PLANTS AND 
A CONVENIENT METHOD OF SOLUTION 
H. St. Clair Putnam Vol. xxxvi—1917, pp. 691-708 

A determination of the respective economic limits in steam and water 
])ower plant developments. Formulas are derived for determining total 
annual costs of each type of plant and the most economical combination. 
Certain general conclusions are reached as follows: Practically all water 
power plants should be developed beyond minimum power available and 
hence in combination with a steam plant. The economic limit depends 
largely on the value of money, fuel, labor, the increasing efficiency of 
steam turbines and the location of the enterprise. 

Discussion, pages 709-710, by Messrs. H. R. Summerhayes and H. S. 

Putnam. 

A general discussion. 


COOLING OF OIL-IMMERSED TRANSFORMER WINDINGS AFTER SHUT-DOWN 

__ « n/r f • Vol. xxxvi—1917, pp. 711-730 

V. M. Montsmger 

The 1916 A. I. E. E. Rules require temperature rise of transformer 
windings be observed by -resistance method. This requires time and 
therefore temperature drop. The author describes three general meth¬ 
ods of determining temperature at shut-down. Under Conclusions 
the general advantages and disadvantages of each method are given, in 
(he Appendix arc developed certain formulas used in the papy- 

Discussion, pages 731-734, by Messrs. A. S. McAllister, V, M. Mont- 
singer, F. F. Brand, L. P. Blume and W. C. Smith. 

A general divseussion. 

INDUSTRIAL RESEARCH AND THE COLLEGES 

Vol. xxxvi—1917, pp. 833-839 

A. E. Kennelly 

An outline of the proper relationship that should exist m the industna 
research field between the pure science college, the technical college an 

the industries, themselvy. paper by F. B. Jewett on “Indus- 

Discussion incorporated with that ot paper oy j 

trial Research with Some Notes Concerning its Scope in the Bell Tele 

phone System.” 



22 


SYNOPTICAL INDEX 


INDUSTRIAL RESEARCH WITH SOME NOTES CONCERNING ITS SCOPE IN 
THE BELL TELEPHONE SYSTEM 

F. B. Jewett Vol. xxxvi—1917, pp. 841-855 

The interrelation of industrial and “pure science” research and the 
restrictions which must be imposed to insure mutual existence. A brief 
outline of the scope and progress of industrial research in the Bell Tele¬ 
phone System. 

Discussion (including that of paper by A. E. Kennelly), pages 856-869, 
by Messrs. V. Karapetoff, A. M. Gray, E. P. Hyde, L. F. Morehouse, C. 
H. Sharp, W. I. Slichter, H. Pender, H. A. Hornor, R. W. Pope, C. F. 
Scott, A. E. Kennelly and E. B. Craft. 

A general discussion. 

INDUSTRIAL RESEARCH AND ITS RELATION TO UNIVERSITY AND GOVERN¬ 
MENTAL RESEARCH 

C. E. Skinner Vol. xxxvi—1917, pp. 871-882 

1. Introduction emphasizing the great activity in all branches of 
research at the present time. 

2. A division of research activities into three principal classes, univer¬ 
sity, governmental and industrial. 

3. A statement that the prmcipal function of university research 
should be to train research men and some suggestions as to the type of 
training required. 

4. A brief statement of the function of governmental research which 
has to do with such things as the development and conservation of our 
natural resources, the national defense and the promotion of those things 
which are for the benefit of the whole people. 

5. A brief description of the Research Division of the Westinghouse 
Electric & Manufacturing Company, its rise and its relation to other 
departments. 

6. A statement of the desirability of co-operation among all agencies 
engaged in research. 

Discussion, pages 883-903, by Messrs. B. A. Behrend, V. Karapetoff, 
C. E. Skinner, H. Pender, O. Smith, L. W. Chubb, C. A. Adams, W. Mc¬ 
Clellan, A. M. Gray, W. L. R. Emmett and N. S. Diamant. 

A general discussion with special emphasis on the research problems 
involved in the development of the turbo-generator. 

ANNUAL LOAD RELIEF MAP, PEAK LOAD AND LOAD FACTOR ANALYSIS 
Wm. Le Roy Robertson Vol. xxxvi—1917, pp. 1073-1079 

Description of the annual load relief map which is a device for visualiz¬ 
ing the entire yearly load of central stations. 

Review of load characteristics, as exemplified by the annual load relief 
map. 

Notes on daylight saving relative to the decreasing of peak load, and 
improvement in load factor. 

Analysis of load factors as applied to “base” and “top” loads demon¬ 
strating the large amount of idle capacity peculiar to central stations. 

Annual load relief map valuable in the study and exemplification of all 
matters having to do with central station loads, 

No discussion. 
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Air, electric strength. .... 

Alternating current, 60 cycles vs. 25 cycles, mine service. 

generators, temperatures, internal (bee u-ener- 
ators, a-c., temperatures, internal, etc.) 

Arcs, power, their action... :*•’/. - 

Artificial transmission line, design and construction, Telluride 

Asynchronous induction motors, control of, (vSee motors, induction, 
etc.) 

Balanced systems, definition. 

Braking, regenerative, a-c., commutator motors ................ 

^ ■ methods of excita¬ 
tion ._.. 

motors as series 

generators. 

one motor as 
■ ' exciter. 
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advantages.. .: • • 

air-brake and generative, joint operation 

vs. regenerative.. 

automatic inter¬ 
lock . 

booster system, two motors. 

copper losses. 

d-c. system. 

overspeed danger. 

separate exciter method. 

disadvantages.. 

early experiments. 

electric vehicles.... .. 

electrical and mechanical stability. 

energy stored in train, curve. 

flashing of motor.. 

increased ventilation.. .^. 

increased weight of equipment. 

load distribution. 

losses in rheostat . . .. 

low speed possibilities.;. 

main-line locomotives vs. car equipments 
mechanical stability, determination of 

speeds and currents possible. 

motors, adjustable constant speed. 

over-speeding precautions. 

over-voltage danger. 

phase converter system.; •;. 

railway induction motor characteristics.... 
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diagram. 
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Braking, regenerative, separate exciter method (continued) 

Chicago, Milwau¬ 
kee & St. Paul 

R. R. 

quick control de¬ 
vices, diagrams, 
size of exciter.... 
negative com¬ 
pound charac¬ 
teristic . 

speed range. 

stabilizing resistance. 

sudden current increases, causes. 

three-phase system. 

vapor-converter system. 

variable speed vs. constant speed equipment 

wheel slipping, avoidance of. 

Brushes, carbon, size, standardization. 

Bushings, arc-over temperature effect._. 

design, 60-cycle arc-over tests, parallel planes with dry 

glass rod between.... 
parallel planes with glass 

disks between. 

parallel planes with hard 
rubber cylinder 

between. 

parallel planes with hot 
glass rod between.... 
parallel planes with wet 
„ glass rod between .... 

air-end characteristics, determination. 

arc-over tests, 60-cycle tests in oil. 

impulse tests in air. 

arc-over voltages, effect of oil film. 

effect of water film. 

impulse tests. 

under-oil tests. 

barriers, gauze, effect. 

effect on insulation strength grounded 

and non-grounded tests. 

effect on solid and gaseous insulation. . 

effect on strength of insulation. 

varnished cambric, effect.. 

case of two spheres in infinite space, electrostatic 

field distribution. 

corrugated surface, arc-over voltage. 

effect of cap and collar. .... . 

electrodynamic solution, artificial equipotential 

surfaces, effect of.. . 
determination of 
capacities from dia¬ 
grams .^._. .. 

diagram of connections 
mapping equipotential 

surfaces. 

- method of images. 

electrostatic field diagrams, application of. 

distribution, two confocal 
hyperboloids of one sheet, 

given potential. 

distribution, two confocal 
hyperboloids of two sheets, 
given potential. 
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Bushings, design {continued) 

equipotential surfaces, artificial. 906 

confocal hyperboloids of 

one sheet. 928 

experimental type, conditions met. 979 

field diagrams, electrodynamic method. 910 

heat-flow problem solution. 909 

methods of construction. 908 

distribution, mathematical solution. 990 

high-air-eflficiency, tests on. 936 

type, arc-over test, effect of 
floor and walls of 

room. 943 

calculated vs. test arc- 

over. 945 

surface effect. 947 

overheating due to conduction,ffuse effect. 978 

potential equalizers. 958 

quadric surfaces. 991 

radial field type. 922 

characteristics. 926 

ratio of rod to hole. 964 

smooth surface, arc-over voltage. 937 

study of electrode shapes. 919 

supporting dielectric, increased efficiency. 956 

two and three dimensional problems. 907 

under-oil end. 924 

characteristics, determination. . . . 981 

uniform field type..-v. . 922 

artificial equipotential surfaces 965 

artificial equipotential surfaces, 

calculated arc-over. 966 

artificial equipotential surfaces, 

sixty-cycle dry arc-over . . . 967 

high-voltage, design. 905 

Cables, high-tension, electrolytic failures. 518 

insulation characteristics. 447 

after 5 years service 470 

capacity vs. temper¬ 
ature . 478 

compound tests.. .. 449 

cross-section distor¬ 
tion . 507 

deterioration due to 

testing. 515 

dielectric loss vs. 

frequency... 501 

effective resistivity 

..459, 463 

effect of bending... 460 

expansion effects... 522 

fluid compounds. .. 524 

heat cycles.. 458 

hydrocarbon base 

permittivity..... 451 

internal ionization. 485 

joint capacity. 495 

operation troubles.. 470 

paper insulated.... 449 

power factor.457, 463 

process of joint 

cooling. 510 
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Cables, high-tension, insulation characteristics {continued) 

reflecting dynamo- 

meter test. 520 

round vs. sector 

type. 519 

single-conductor. . . 452 

single-conductor 

calculations. 490 

solid-filled vs. oil- 

filled joints. 506 

temperature rating 498 

test methods. 448 

tests on compound. 478 

three-conductor.... 464 

three-conductor cal¬ 
culations . 492 

varnished cambric 
and rubber insu¬ 
lated. 479 

voltage gradient. . . 480 

water-cooling. 509 

watts per foot. ..456, 465 

joints, fundamentals. 423 

specifications.. . 424 

life. 517 

underground, dielectric losses, cable materi¬ 
als, effect. 435 

calculation of 439 

critical point 438 

heat dissipa¬ 
ting curve. 437 

influence.... 431 

i n s u 1 a t i on 

thickness.. 434 

potheads.. . . 433 

soil temper¬ 
ature vs. 
cable rating 444 

temperat u r e 
me a s u r e- 

ments. 432 

vs. C2R losses 436 

mines, suspension in bore holes...674, 684 

split-conductor type. 393 

objections.394, 412 

underground, abrasion troubles. 420 

carrying capacity, temperature factor. 421 

water-cooling. 422 

failure, causes. 418 

filling compounds. 419 

joint troubles. 418 

operation and maintenance. 417 

overheating troubles. 420 

Technical Committee Report. 610 

Circuits, oscillating current, generalized angular velocities method 207 

Coal mining, power, electric (See Power, electric, coal mines, etc.) 

Commonwealth Edison, relay protection, generators. 382 

system. 377 

diagram. 379 

maximum loads. 381 

tie lines. 383 

short-circuit, effect of reactors, (See Read- 
tors, turbo-generator systems, etc.) 
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Condenser terminals, design. 

value of hat. ,V.. 

Condensers, plate, capacity equation. V.V.V.' ' 

resistance, between plates, equation 

Controllers, industrial, d-c. motors.. 


acceleration period length. 

dynamic braking. 

flash-over. 


one-step start, motor size range 

shunt, analysis tests. 

apparatus . 
diagram of 
con n e c - 
tions.... 
starting current curves 

. , , 256 , 257 , 

transfer relay. 

V bra ting relay.' ' * 

Core loss, generators, a-c., frequency density produc^.^^^^^^^^*' ‘ 

factor. 

variable factors. . 

Corona, definition. . 

formation in air. (See Electric strengthVair). 

1 edification,difference between air and hydrogen, charac¬ 
teristic curves. 

in-hydrogen. !!!!!!! ^. 

appearance.! ! * 

characteristic curves. .'.'.Vl60 

corona tube.'. V. V ^ 

diagram of connections, a-c 

d-c. 

negative characteristic curves 

Peck's law applied. 

preparation of hydrogen....'. . ’! ’ 

, variation with pressure, curves 

Cost, steam power, curves. i 

Curvilinear co-ordinates. < 

Dielectric lossc.s, caliles, high-tension, underground. i 

Direct curent, high voltage, method of production,'corona forma¬ 
tion tests. 

Dynamometer, reflecting type.!.*!.’. i 

Economics of eledrie service, annual report of committee. ( 

Educational committee, annual report. ( 

Electric powcir, coal mines. (See Power, electric, coal mines 'etc ) ’ 

strength, air.- 

corona formation, accuracy of observations’. ] 

continuous voltages. ] 

critical intensity, effect' of 


_ re.sonance, curve. 178 

diagram of connections.... 171 

effect of concentric tubes.. 196 

effect of surface irregulari- 

’ ties. 203 

experiments with kenotron. 174 

high-voltage, direct-current, 

production of. 199 

increased pressure. 204 

method of observation.... 182 

negative. 187 

Peek’s formula. 169 

positive. 186 

sizes of wire used. 176 
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Electric strength, air, corona formation {continued) 

surface intensity vs. wire 

diameter.. 

surface intensity vs. wire 
diameter, alternating 

current... 

surface intensity vs. wire 
diameter, positive cur¬ 
rent . 

theory . 

visual corona, time lag... 

vs. electroscope discharge... .. 
vehicles, braking, regenerative. (See Braking, regenerative, 
etc.) 

Electrochemistry, annual report of committee. 

Electrometallurgy, annual report of committee. 

Electrophysics, annual report of committee._.• 

Electrostatics field distribution, switch electrodes various spacings 

vacuum tube design. 

problems, solution of, experimental method. 

Elm Orlu Mining Co., hoist installation. 

Feeders, radial, definition./ i ‘ •. 

Flux distribution, magnetic, annular steel laminae. 

a-c. tests._.. 

belt fluxes ratios 
density, distor¬ 
tion . 

eddy currents... 

edge effect. 

hysteresis loss... 
radial variation. 

reluctivity. 

saturation curves 
variation with 
density. 

width -radius 
ratio.. 

slot, photographic method of determination.. . 

Generator, induction, water-wheel drive, automatic operation. 

Generators, a-c., core loss, frequency factor. 

temperatures, internal.^. 

air-gap cross section. 

air velocities. 

air-velocity factor. 

calculated and test values, 

tabulated. 

core-length effect. 

current density effect. 

detecting coils, use. 

effect of end windings.... 

effect of frequency. 

insulation effect. 

method of calculation.... 

range of tests. 

relation to surface tem¬ 
peratures .. 

rise across laminations. . . 
section used for calculation 
short core vs. long core. .. 
surface dissipation curve.. 
tooth and core densities 

effect. 

value of predetermination. 

protection... 


184 
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High-tension line relays. (See Relays, high-tension lines) 

Hoist, electric, mine, control. . 

duty. , 

cycles, calculated . J 

efficiencies, calculated. 

Elm Orlu Mining Co. 

flywheel energy. J 

load diagram. . ^ 

motor description. ^ 

slip-regulator.. 

tests. 

Hydroelectric, combination with steam (See Power, water, com¬ 
bination steam, etc.). 

stations, reactors, use. (See Reactors, use, hydro- 
6100^1*10 0tc*) 

vs. steam, addition to plant problem. | 

new construction problem. 

Induction generator, water-wheel drive, 

motors, asynchronous, control of (See Motors, induction, 
etc.) 

polyphase, unbalanced secondary (See Motors, 
induction, polyphase, etc.) 

Industrial and domestic power, annual report of 

controllers, motors, d-c., (See Controllers, industrial, 

etc.) 

research and the colleges. 

scope. Bell Telephone system. 

Insulation, characteristics, cables, high tension. 

Insulators, high-tension, depreciation vs. time, • ’ * • i.v ’ 

design and manufacture, present practise 

cracking.» 

deterioration, 5-part unit tests. 

absorption.. . 

cement joints, elasticity... 
cement, volume changes... 
cracking, temperature 

factors. 

electrical stresses. 

factors. 

firing. 

zones. 

mechanical stresses. 

puncture tests.. • • • • 

spark-over test, duration.. 

temperature gradient. 

tests. 

megger range. 

Sierra & San Fran¬ 
cisco Power Co... . 

vitrification. 

failures in storage. 

quartz. .. ■ 

requirements.‘ ^ 

situation... 

suspension, conditions inside cap. 

deterioration, cracking. 

kiln firing. 

operating 
problem.... 

rate. 

expansion effects. .. 

Technical Committee report .. .. 
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Iron and Steel Committee, annual report. 

Joints, cable, high-tension. 

Kenotron, description of..,. 

Laplace’s equation, normal oblate spheroidal co-ordinates. 

Lightning and illumination, annual report of committee. 

Load, annual, base and top loads, load factors. 

relief map. 

base and top loads. 

day load. 

daylight saving. 

night load. 

factor analysis. 

peak. 

Magnetic flux distribution, steel lamime, annular (See Flux dis¬ 
tribution, magnetic, etc.) 

Marine committee, annual report. 

Mine hoist, Elm Orlu Mining Co.^. 

Mines, use of electricity in, annual report of committee. 

Modern physics. 

Motor-generator, mine service, advantages-. 

Motors, commutators, undercutting, mine service.. 

d-c,, controllers, industrial (See Controllers, industrial, 
etc.) 

starting characteristics, analysis... ... 

constant torque. 

controller size factor. ...... 

counter e.m.f. of rotation, 

equation . 

flashing, compound motor. . 

shunt motor. 

one step control, success''ul 

installations.. 

self and mutual induction, 

effect. 

speed formula. 

time-element relays. 

torque, equation. 

varying counter torque. 

vs. a-c., mine service. 

induction, asynchronous, control... 

closed secondary and 
partial field, current 

peaks. 

closed secondary and 
zero field, current 

peaks. 

closed secondary over¬ 
voltages . 

open secondary, current 

peaks. 

open secondary, over¬ 
voltages . 

over-synchronous 

speeds... 

short-circuited rotor, 
effect on voltage and 
flux. 

polyphase, unbalanced secondary. 

cascade con¬ 
nection .... 
current cal¬ 
culation . .. 
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Motors, induction, polyphase, unbalanced secondary (continued) 

-half-Speed. 

running. . 347, 349 


heating ef- 

. fects. 343 

oil-switch vs. 

air switch.. 358 
one phase 
open tor¬ 
que and 
current 

curves. 345 

operation of 40- 
h.p. 3-phase 
type. . .. 344, 345 
sequence of 

switches. 340 
single-ph a s e 
p r i m ar y 
and sec¬ 
ondary .... 350 

single phase 

secondary.. 341 
torque char¬ 
acteristics. 346 
vector dia¬ 


gram . 

worst condi- 

totally inclosed, mine service. 

Normal oblate S])heroidal co-ordinates. 

Oscillating current circuits, generalized angular 'velocities ’ method 

generalized angular velocities method 

amplitudes of oscillation. 

generalized, angular velocities method, 
frequencies and decrements of oscil¬ 
lation . 

generalized angular velocities method^ 
grounded transmission line current.. 
generalized angular velocities method, 

inductively coupled circuits. 

generalized angular velocities method, 

leaky condenser discharge. 

generalized angular velocities method, 

solution. 

generalized angular velocities method, 

three-section cable. 

I eek s formula, corona formation in air. 

Physic’s, modern.. 

Polypl'iasc induction motors, unbalanced secondary (See Motors 
induction, polyphase, etc.) 

Potential, any point in space, mathematical calculation. 

distribution, along x-axis. !!!!!! 

gradient, along x-axis.* * ’ ’ 

any point in space. 

Power, electric, coal mines. 

converters vs. motor generators. 

cutters. 

ventilating equipment. 

voltage. '...... 

stations, annual report of committee. !..!!!! 

steam, cost, annual.. ' * ’ 

water, by-product plants. 
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Power, water {continued) 

combination with steam, increased apparatus effi¬ 
ciency . 692 

solution, method. 691 

duration of flow, curve. 693 

efficiency, financial. 706 

load factor. 705 

Mississippi River development, power-house, cross 

section. 704 

most economical development. 700 

powerhouse design factor. 703 

reserve steam units. 705 

steam auxiliary problem. 699 

combination most, economical. 701 

President-Elect‘E. W. Rice, Jr., Address.-. 603 

President’s Address (The Engineer’s Destiny). 597 

Protection, hydroelectric stations, reactors. (See Reactors, use, 
hydroelectric, etc.) 

turbo-generator systems, reactors. (See Reactors, 
turbo-generator systems, etc.) 

Protective devices, annual report of committee. 622 

Quadric surfaces. 991 

confocal. 997 

Rating, cables, high-tension, underground. 431 

Reactors, bus, power transfer, use of selector switches. 109 

protective effect, curves. 106 

feeder, isolation effect, curves. 107 

momentary and sustained curves 108 

synchronous stability.. 109 

formula, derivation.^.112,113 

turbo-generator systems. Commonwealth Edison Co. 

analysis of trouble events.. 127 

Commonwealth Edison Co. 
behavior of substations dur¬ 
ing trouble. 133 

Commonwealth Edison ^ Co. 
beneficial effect during 

trouble, diagram. 130 

Commonwealth Edison Co. 
current duration during 

trouble.. 146 

Commonwealth Edison Co. 

description of system. 128 

Commonwealth Edison Co. 

events during trouble. 125 

Commonwealth Edison Co. 
probable current value dur¬ 
ing trouble.. 131 

Commonwealth Edison Co. 
short-circuit current, syn¬ 
chronous apparatus. 132 

short-circuit conditions. 125 

use, hydroelectric stations. 105 

effect of gate closing. 118 

feeder type, disadvantages.... 145 
hunting oscillation, period of. 117 

per cent bus reactance. 139 

power surges, curves. 119 

protective effect vs. stability. 116 
sudden load loss, period of 

oscillation, formula. 115 

sudden load loss, phase dis¬ 
placement. 114 
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Rectification of corona, hydrogen. 153 

Regenerative braking, electric vehicles (See Braking, regenerative, 
etc.) 

Relays, grounding. 368 

high-tension lines. 361 

biased or differential type. 392 

Cleveland system. 408 

Commonwealth Edison system. 377 

Commonwealth Edison system, current^ 

time curves. 387 

Commonwealth Edison system, frequency 

changers. 385 

Commonwealth Edison system, setting of 

relays.... 385 

Commonwealth Edison system, sub¬ 
stations. 389 

Commonwealth Edison system, synchro¬ 
nous converters..• • • • 

Commonwealth Edison system, time¬ 
limit settings. 391 

Commonwealth Edison system, trans¬ 
formers. 385 

Detroit Edison system. 407 

feeders in parallel. 363 

feeders not in parallel. 362 

generator protection. 367 

grounding relays. 368 

lines in tandem. 364 

New York Edison practise, diagram. . . . 374 

protection. 362 

Public Service Electric Co. system of 

N. J. 414 

reverse-power type.369, 395 

action. 397 

method of applying. . 396 

ring system, parallel lines. 366 

single lines. 365 

testing. 371 

tie lines. 367 

transformer protection. 367 

West Penn Power Co. system. 409 

reverse power.363, 369 

time-delay characteristics. 415 

Research, correlation of efforts, various sciences. 859 

governmental, relation to industrial. 871 

industrial, and the colleges. 833 

future outlook. 881 

patent rights, effect of. 876 

possible college assistance. 836 

relation to governmental research. 871 

scope. Bell Telephone system. 841 

vs. pure scientific, distinction. 845 

salary question. 848 

younger industries and the college labora¬ 
tory . 837 

library, elimination of useless material. 857 

Ring systems, definition. 362 

relay protection. 365 

Split-conductor cables (See Cables, etc.) 

Starting characteristics, d-c. motors, analysis (See Motors, d-c.,etc) 

Steel laminae, annular, flux distribution, magnetic (See Flux distri¬ 
bution, magnetic, etc.) 

Stresses, revolving disks... 
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Substations, location, mine service...• • • • •: • • 

Switch electrodes, various spacings, electrostatic field distribution 

Tandem lines, definition.^.;. 

Technical Committee Reports (See committee subjects) 

Telegraphy and telephony, annual report of committee. 

Telluride Power Co., transmission line, artificial, design and con¬ 
struction . 

Temperature, “die-away” curve, formula. 

measurement, transformer windings. 

resistance meth¬ 
od . 

Temperatures, internal, a-c. generators. (See Generators, a-c., 
temperatures, internal, etc.) 

Tie lines, definition.^... 

Traction and transportation, annual report of committee. 

Transformer, phenomena, even harmonics. 

auto-transformers. 

periodically reversing leg. 

hysteresis 

loop. 

tests. 

permanently -reversed leg. 

pulsating neutral. 

reversing leg, causes. 

sixth harmonic. 

star-delta banks. 

star-star banks, 4-wire primary....... 

grounded neutral line 

side only. 

isolated neutral. 

protection... 

windings, disks, oil-immersed, cooling. 

oil immersed, cooling after shutdown. 

initial rate of cooling. 

rate of cooling, “correcting 

back” formula. 

rate of cooling, thickness of 

insulation. 

rate of cooling vs. thermal 

capacity. ... 

surface and insulation tem¬ 
perature drops. 

temperature rise curves.... 
thermal resistivity of insula¬ 
tion. 

thickness of oil film. 

rectangular, oil-immersed, cooling. 

Transformers, air-blast, cooling. 

current, operation with relays. 

distributing, cooling. 

protection of neutral, 42,000-volt arrester. 

transient disturbances. 

transient disturbances, effect 

of line length. 

star connected, transmission phenomena (See Trans¬ 
mission, phenomena, etc.) 

three-phase banks, triple harmonics. 

Transient conditions, effect on induction motor control. (See 
Motors, induction, etc.) 

disturbances, transformer neutral protection. (See 
Transformers, protection of neutral, etc.) ^ 

Transmission and distribution, annual report of committee. 

line, artificial, advantages. 
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Transmission lin ificial {continued) 

assembly. 

construction of condensers.. 

design and construction, Telluride 

Power Co.. 

distributed inductance and capacity.. 
electromagnetic coupling of phases.., 

electrostatic coupling of phases. 

generators. 

leakage currents. 

load. 

potential above ground, formula. 

resistance of line conductors. 

switchboard... 

Telluride Power Co. layout of system 

tests, description. 

normal condition. 

one wire grounded, neutral 

grounded. 

one wire grounded, neutral un¬ 
grounded . 

oscillograms taken. 

short-circuit and ground, con¬ 
nections... 

three-wire short circuit. 

two-wire ground, neutral 

grounded........^. 

two-wire short circuit.. 

transformers. 

design.; • • . 

capacity, formula, derivation. 

critical catenary. 

ice and wind loading. 

minimum tempera¬ 
ture catenary 

equations. 

minimum to freez¬ 
ing temperature, 
catenary equation 
minimum to maximum temperature, no 

ice or wind.. 

span between points of equal elevation. . 

temperature effects. 

tower cost factors. 

spacing. 

flexible cable, forces acting, two points of sus¬ 
pension._. 

Telluride Power Co. types of construction.■ 

phenomena, even harmonics'.. 

star transformer connections.. 

harmon i c s 
of magnet¬ 
ization ... 

star-delta transformer banks.- 

star-star transformer banks, 4-wire 

primary.... 

star-star transformer banks, grounded 

neutral, line side only... 

star-star transformer banks, isolated 

neutral.• 

three-phase transformer banks, triple 
harmonics. 


802 

800 

789 

793 

794 
797 
803 
794 

803 
799 
801 

804 
791 

805 
812 

820 

818 

808 

806 
814 

821 

817 

802 

735 

824 

761 

751 


755 


735 

748 

779 

779 

735 

792 

1094 

1081 


1083 

1091 

1091 
1093 

1092 
1089 









































36 


TOPICAL INDEX 


Turbo-generator, development, history.;. 

systems, reactors on, short-circuit conditions. 
(See Reactors, turbo-generator systems, etc.) 

Turbo-generators, ventilation... • * 

Underground cables, operation. (See Cables, underground, etc.) 

Use of electricity in mines, annual report of committee. 

Vacuum tube design, electrostatic field distribution ... 

Velocities, angular, generalized, oscillating current circuits. 

Ventilation, mines.. 

Voltage, safe, mine use..... • ..^ 

Water power, combination with steam, solution, method. 
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